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Abstract / Zusammenfassung 

Abstract: 

This Ph.D. thesis mention the synthesis and physical properties of catalytic active 

surfactants. So, bolaamphiphiles showing a probable catalytic active polyoxometalate 

cluster (POM) and a highly coordinating thiol (SH) group were synthesized. After 

characterizing their molecular architecture, the physical properties of these compounds in 

aqueous solutions (i.e. self-assembly behaviour) were investigated. In a second step, these 

surfactants were coordinated by utilizing the thiol group on the surface of gold nanoparticles, 

realizing a nano-hybrid catalyst. The resulting catalytic system show a significant 

improvement of the performance by light irradiation. This improvement is based on a 

plasmonic enhancement, consisting of three separate effects. First, a nano-heating effect rise 

the catalytic conversion in accordance to the temperature dependence of the reaction. 

Additionally, a transfer of stimulated ‘hot electrons’ from the gold nanoparticle to the POM 

cluster can be strongly assumed. Thereby, the transfer depends on a distance and an electron-

conductive parameter, resulting in a maximum of enhancement of 465%. 

 

Zusammenfassung: 

Die vorliegende Doktorarbeit beschäftigt sich mit der Erforschung von katalytisch aktiven 

Tensiden im Bereich der Nanokatalyse. Hierfür wurden Tenside mit zwei Kopfgruppen 

synthetisiert. Diese Bolaamphiphile wiesen eine potenziell katalytisch aktive 

Polyoxometalat- (POM) und eine koordinierende Thiol- (SH) Kopfgruppe auf. Nachdem 

diese charakterisiert und die Tensid-typischen Eigenschaften aufgeklärt worden waren, 

wurde mittels der Koordination über die Thiol-Kopfgruppe an die Oberfläche von 

Goldnanopartikeln ein Nano-Katalysator synthetisiert. Dieses katalytisch aktive System 

zeigte in den folgenden Untersuchungen, eine Verstärkung des katalytischen Prozesses 

mittels plasmonischer Effekte. Dabei wurden sowohl „nano-heating“ Prozesse, welche auf 

einer lokalen Temperaturerhöhung beruhen, als auch „hot-electron-transfer“ Prozesse, 

aufgeklärt. Die dabei festgestellte Elektronenübertagung von stimulierten Elektronen im 

Nanopartikel auf das Katalytische Zentrum (POM) konnte dabei sowohl in einem 

Entfernungsbasierten als auch in einem elektronen-leitenden Mechanismus nachgewiesen 

werden. Dadurch wurde eine maximale Verstärkung der Katalyse von 465 % erreicht. 
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1                                                              1.1. Surfactants – amphiphilic compounds in chemistry 

 

 

1. Theoretical Background 

1.1. Surfactants – amphiphilic compounds in chemistry 

 

Surfactants have been known for several hundreds of years, for washing dishes or cleaning 

clothes.[4] Additionally, more current applications also exist, i.e. by drug delivery systems 

for medical usage or anti-corrosion layers in material sciences.[5-7] Consequently, surfactants 

are universally applied chemical compounds in our daily life and a main topic in academic 

as well as industrial research. So, a closer look on their structures and physical behaviour 

seems reasonable. Surfactants are comprised of at least one hydrophilic and one hydrophobic 

domain in a single molecule. Usually, the hydrophilic part is referred to a “head group”. The 

head groups can be anionic, cationic, amphoteric or even non-ionic (cf. figure 1.1).[4] A high 

degree of hydrophilicity is the decisive factor of these head groups. The hydrophobic part 

(figure 1.1: grey domains), mostly called “tail”, is usually built up by an alkyl chain or an 

aromatic system.[8-9] By combing these two domains, interesting properties are accessible. 

Additionally, more complex surfactant architectures can be designed by using more than one 

head group (e.g. bolaamphiphiles figure 1.1e) or two or more chains (e.g. gemini surfactants 

figure 1.1f).  While the hydrophilic head group prefers interactions based on Coulomb forces 

or hydrogen bonds, the hydrophobic chains rather interact with each other by short-range 

van-der-Waals forces. Consequently, multiple complex interactions by different parts of the 

 

Figure 1.1: Different architectures of surfactants (hydrophobic = grey, anionic = blue, cationic = red, non-

ionic = green): 

(a) Anionic (blue) surfactant (e.g. sodium dodecyl sulphate (SDS)). (b) Cationic (red) surfactant (e.g. 

cetyltrimethylammonium bromide). (c) Non-ionic (green) surfactant (e.g. Brij35). (d) Dipolar surfactant (e.g. 

cocamidopropyl betaine). (e) Bolaamphiphile. (f) Gemini surfactant.  
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surfactants themselves and with solvent molecules are possible. These interactions are also 

the underlaying principle of the usage of surfactants in our daily life. The applications range 

from simple washing of dishes up to highly complex drug-delivery systems.[4, 10] Since most 

of applications take part in aqueous solutions, the behaviour of surfactants in water is often 

the mainly discussed topic in literature.[11-14]  

While the head groups mainly prefer an interaction with water molecules due to their high 

polarity, chains cannot interact this way. Therefore, at very low concentrations surfactant 

molecules move to the air-water interface of an aqueous solution. Due to entropic reasons – 

higher degrees of freedom are beneficial in terms of reducing the energy of a system – the 

molecules built at the beginning 

a widely distributed layer. 

Thereby, the heads align into the 

direction of the water-phase, 

while the hydrophobic tails are 

stretched into the air. By 

increasing the concentration of 

the surfactant in the solution, 

also the number of surfactant 

molecules rise at the interface. 

While the concentration of the 

surfactants at the interface 

increases, the surface tension 

decreases simultaneously (cf. 

figure 1.2a).[9] This fact results 

from weaker forces exerted 

between surfactant molecules. In 

contrast, water molecules can 

interact strongly with each other via hydrogen bonds, which results in stronger forces and an 

increased surface tension. At a certain concentration the interface is fully packed, so the 

decrease of surface tension stops at a compound specific value. This value depends on the 

charge and the size of the heads and the chain length and volume (cf. figure 1.2b). By 

knowing all these parameters, a so-called packing parameter P (cf. Equation 1) can be 

calculated.[11] This parameter is characteristic for different surfactants. 

 

Figure 1.2: Surface activity of surfactants showing a classical 

architecture: 

(a) Surface activity of surfactants in aqueous solutions. Reprinted 

with permission from [9], Copyright (1996), Wiley VCH. (b) 

Surfactants building structured layers at interfaces.[8] (c) SDS micelle 

as an example for structures in solution.[8]  
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� �
�

�� ��
    Equation 1 

[P = packing parameter, V = volume of the hydrophobic chain,  

a0 = surface of the hydrophilic head group & lc = length of the hydrophobic chain] 

 

 

Figure 1.3: Self-assembled structures of surfactants in solution. 

(a) Micelles build by classical surfactants. Reprinted with permission from [15]. Copyright (2005) American 

Chemical Society  (b) More complex structures of surfactants in aqueous solutions (e.g. folded inverted 

bilayers).[8] 
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Beside the surfactant’s behaviour at the air-water interface, their properties inside the 

solution are of major interest. When the interface is fully occupied, additional surfactant 

molecules must find a new way for preventing unfavourable interactions with the solvent. 

Hence, they form self-assembled structures for minimizing the tail-water interactions.[16] 

These structures are in the simplest case spherical micelles (e.g. SDS micelles shown in 

figure 1.2c and figure 1.3a).[11] Thereby, chains interact by van-der-Waals interactions 

inside a micelle. So, a hydrophobic domain inside an imaginary sphere (= core of the sphere) 

is created, surrounded by a layer of head groups at the surface of this sphere.[17] By this way, 

the heads are able to interact with the solvent, while the chains are in closer physical 

proximity to each other. By varying the different constituents of a surfactant, which are 

relevant for the packing parameter P, these self-assembled structures can adopt to various 

architectures. Several parameters, e.g. the volume or length of the hydrophobic tail of the 

surfactant, just as the resulting shape of the molecule influence the value of P and the 

resulting aggregate. For example, by using a surfactant architecture like a truncated cylinder 

(P ~ 0.4) spherocylindrical or rod-like structures can be formed (cf. figure 1.3a).[15, 18] Since 

thousands of surfactants are known to date, self-assembled structures innumerable in shape 

and architecture are reported in the literature.[8, 15] Beside simple spheres or rods, larger 

micron-sized structures – e.g. lamellar bilayers or tricontinuous tubules – have been 

predicted and observed (cf. figure 1.3b).[8] Making it more difficult or interesting, the self-

assembled structures can differ by a variation of concentration or temperature. While low 

concentrations often result in isolated aggregates like micelles, high concentrations cause 

expanded ones, e.g. lamellar bilayers. A useful way for illustrating all this information for 

surfactants are phase diagrams. A phase diagram, as exemplarily illustrated in figure 1.4a, 

shows the concentration depended behaviour of an aqueous surfactant solution as a function 

of temperature. Classical surfactants (e.g. cetyltrimethylammonium bromide (CTAB)) show 

more or less monomeric surfactants in an ideal solution, while the surface tension decrease. 

When the critical micelle concentration (cmc) is reached, the interface is completely 

saturated, and the formation of self-assembled structures starts. Now, self-assembled 

structures are formed and transformed to larger structures by raising the concentration. These 

structures tend to grow in number and size further by increasing the concentration, resulting 

finally in liquid crystalline phases.[19-20] Liquid crystalline phases are also of high interest as 

they combine liquid and solid properties. While liquid crystalline phases can flow like a 

liquid when physical pressure is exerted on them, they also show birefringence comparable 

to solid crystals.[21] Due to entropic reasons, not only concentration but also temperature has 
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a significant impact on all structures reported in a phase diagram. Since all structures are 

based on the minimization of unfavourable molecular interactions, the entropic term will 

contribute more and more at 

elevated temperatures. 

Therefore, small structures or 

monomers are favoured at 

higher temperatures due to their 

increased flexibility.  

Beside of the 2-dimensional 

phase diagram, also 

3-dimensional ones are in use. 

These describe the behaviour of 

a surfactant used in a water-oil 

emulsion (cf. figure 1.4b). 

While monomers are not present 

in such a complex system, an 

increased number of self-

assembled phases can be noticed 

by varying parameters (e.g. 

temperature). This fact is caused 

by the encapsulation of 

hydrophobic oil droplets even at 

low surfactant concentrations. 

In fact, the surfactant stabilizes 

the oil droplets by acting as a 

linkage between the oil- and 

water-phase. During this 

process, the tails interact with 

the oil molecules inside. 

Simultaneously, the heads, which are localized on the oil-water interface, interacting with 

the polar water molecules around (analogous to micelles discussed before). 3-D phase 

diagrams are similar to 2-D ones, yet showing larger and more complex structures at high 

surfactant concentrations.[23]   

 

Figure 1.4: Exemplarily phase diagrams of surfactants (2D and 3D): 

(a) 2D phase diagram of CTAB showing cmc, self-assembled 

structures and liquid crystalline phases. Reprinted with permission 

from [22]. Copyright (1996) American Chemical Society.  (b) 3D phase 

diagram illustrates the surfactant properties in oil-water emulsions. 

Reprinted with permission from [23], Copyright (1999), Wiley VCH. 
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In summary, surfactants are molecules featuring a hydrophilic head group and a hydrophobic 

tail. Since they are striving for a minimal interaction energy, they can form self-assembled 

structures or emulsify oil in water. When they are dissolved in pure aqueous solutions, they 

firstly prefer the formation of a layer at the water-air interface. At higher concentrations, 

self-assembled structures are formed inside the solution, e.g. micelles or vesicles. Finally, 

highly ordered liquid crystalline phases are formed at very high surfactant concentrations.  

Due to this very complex behaviour of surfactants in aqueous solutions numerous 

possibilities for applications in daily life result. The most important one is the removal of 

dirt or fat from clothes or dishes. Thereby, the chains pick up the hydrophobic oils/fat, while 

the heads enable their dispersion in water.[24] By designing surfactants with a more complex 

structure, also more complex applications can be developed. In current research two very 

promising architectures are found. Firstly, gemini surfactants (cf. figure 1.5a) built up by 

linking two head groups by a spacer are of interest.[25-26] These are able to decrease the 

surface tension or assemble at concentrations hundred times lower than classical surfactants. 

Additionally, promising results were shown in possible applications like the synthesis of 

porous silica materials.[27] Even if the gemini architecture is favourable for some systems 

due to its improved physical properties, there is a major disadvantage. Since, the head groups 

are linked in the centre of the surfactant, they are also shielded by the chains. Consequently, 

a further exploitation of special chemical functions, beside of the self-assembly direction is 

complicated. In contrast, bolaamphiphiles (cf. figure 1.5b) show an interesting behaviour in 

aqueous solutions, while both head groups receive accessible. Due to their characteristic α-

ω architecture, inspired by the weapons of South American cowboys (gauchos), both head 

groups are easily addressable to further usage.[28] Importantly, the surface activity is strongly 

changed compared to classical surfactants. Like gemini surfactants, even very low 

concentrations are significantly surface active by interacting with the air-water interface. 

There the representative pressure-area and, as a result, also the surface tension are influenced 

by the surfactants (cf. figure 1.5c).[29] Since both heads prefer an interaction with the 

aqueous phase, long chained bolaamphiphiles can additionally adopt in a reverse U-shape 

conformation. This conformation at the interface is not necessarily a tight packing. 

Therefore, a low number of surfactant molecules already show a high demand for space at 

the interface, resulting in a pronounced decrease of surface tension already at very low 

concentrations.  
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Figure 1.5: Bolaamphiphiles as a more complex form of surfactants. 

(a) Sketch of a gemini surfactant showing two charged head groups connected by a linker and two 

hydrophilic tails. (b) Sketch of an asymmetrical bolaamphiphile showing two charged head groups 

connected by a hydrophilic tail. (c) Behaviour of classical surfactants (upper left) and of bolaamphiphiles at 

interfaces resulting in different pressure areas and surface tension values depended on their structure. 

Reprinted with permission from [29], Copyright (2017), Wiley VCH. (d) Possible ways of stacking 

bolaamphiphiles ((a)symmetrically). Reprinted with permission from [29], Copyright (2017), Wiley VCH. (e) 

Usage of complex surfactants - as bolaamphiphiles - for meso-structures (e.g. nanotubes). Reprinted with 

permission from [15], Copyright (2005) American Chemical Society.  
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Moreover, bolaamphiphiles show an enhanced hydrophilicity due to their two head groups. 

Consequently, they prefer the formation of bilayers or vesicles in solution. This fact, already 

recognized 35 years ago by Fuhrhop,[30] is based on the strongly preferred interaction of the 

heads with water molecules. Thereby, the molecules can create the layer in numerous ways 

– symmetrically or asymmetrically – and stack or bend these layers (cf. figure 1.5d).[29] The 

size and shape of the formed vesicles – spherical bilayers filled with water – depend on the 

charge and size of the head groups. Accordingly, large head groups like fullerenes[31] or 

sugar-molecules[32] and highly charged molecules, e.g. phospholipids[33] or polyoxometalate 

clusters[34], result in huge vesicles. These can be further extended by varying the 

concentration or temperature of the solution to form additional structures. In example, 

nanotubes can be generated showing an intermediate length up to the micrometre scale (cf. 

figure 1.5e).[15] Additionally, these structures are often highly stable. So, archaea bacteria 

build vesicle analogous structures up from lipids, which are stable up to 100 °C.[35]  

The superior properties of bolaamphiphiles can be summarized as follows. Bolaamphiphiles 

are highly surface-active molecules, showing two hydrophilic head groups linked by a 

hydrophobic chain. They can build micrometre sized, hollow, highly stable structures in 

aqueous solutions. Additionally, they are often composed of phospholipids, sugars or other 

large hydrophilic head groups.  

The high temperature stability enables applications in the pharmaceutical sector and 

research. Moreover, sugars seem promising due to their (bio)degradability and low risks of 

side-effects in the human body.[36] So, vesicles build by bolaamphiphiles can act as drug or 

gene delivery carriers (cf. figure 1.6a).[37] If these vesicles are triggered by an external 

stimulus, a controlled release of a substance encapsulated in a vesicle, can be realized. A 

first possible system, which is based on a release triggered by light (cf. figure 1.6b), was 

published in 2010.[38] This system, published by Puri et al., shows shrinkage of some 

domains of the vesicle by light irradiation. So, a destabilization of the bilayer by reformation 

can be initiated. Further possible external triggers resulting in a release can be built up by 

electrostatic repulsion,[39] changed pH-value,[40-41] temperature[42-44] or magnetic fields 

(magnetic surfactants)[45]. A further reasonable application is the utilization of vesicles as 

nano-reactors.[46] Inside a micellar or vesicular reactor, a chemical reaction can be performed 

in a unique, confined environment. By that, the catalytic performance can significantly 

increase. A first example for this kind of systems was demonstrated by the oxidation of 

sulphides, published by Wang and co-workers in 2011.[47] Additionally, an educt can move 
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into the self-assembled structure by diffusion due to its polarity. When the reaction is 

completed, the synthesized product can be released by the same way (cf. figure 1.6c)[48] or 

by an external trigger.  

A further advantage of a bolaamphiphile-based nanoreactor is the fact of two accessible head 

groups. By using two different head groups, which are both catalytically active, tandem or 

cascade reactions are reasonable. By a tandem reaction two orthogonal reactions are 

performed by using the same catalytic system.[49-50] When the first reaction is completed by 

using the head group inside the reactor, the intermediate can diffuse to the outside of the 

nanoreactor, where it passes the second head group building the surface of the reactor. 

During this process a second reaction can proceed. Consequently, complex products can be 

synthesized by using abundant and cheap compounds. 

  

Figure 1.6: Possible applications using surfactants: 

(a) Complex drug-delivery systems are possible due to the self-assembly of surfactants. Reprinted with 

permission from [37], copyright (2012) American Chemical Society. (b) Drug-delivery systems can release the 

drug by an external trigger (e.g. light). Reprinted with permission from [38], copyright (2010) Taylor & Francis 

(c) Nanoreactors built up by surfactants can convert reactions inside. Reprinted with permission from [48], 

copyright (2018) MDPI. 
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By using bolaamphiphiles, demanding applications such as drug-delivery vesicles or nano-

reactors are accessible. These can further be influenced by external triggers, for releasing 

drugs at specific time slots or places and improving the catalytic performance of a 

nanoreactor. Nevertheless, additional improvements of bolaamphiphiles by use of metal-

containing head groups are desirable to extend the range of applicability. A promising 

example for the formation of metallo-surfactants by incorporation of transition metals is the 

usage of so-called polyoxometalate clusters (POMs). 
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Polyoxometalate clusters (POMs) were already discovered in 1826 by Berzelius and firstly 

synthesized by Marignac in 1862.[56-57] But even today, they are still a very interesting 

research topic.[54] These inorganic structures are formed by transition metal (W, Mo, V, …) 

and oxygen atoms.[58] The resulting metal-oxo clusters consist of a well-defined number of 

atoms, connected in a nanometre-sized cluster (cf. figure 1.7a).[51] Since their synthesis can 

be performed by self-assembly and condensation of polyoxoanions in aqueous solutions, a 

great diversity of clusters can be formed easily. The clusters, which are built up by edge-

shared polyhedra, can consist of just 6 (e.g. Anderson- or Lindqvist-type clusters), 12 (e.g. 

Keggin-Cluster) or even 18 (e.g. Dawson-Cluster) metal atoms.[55, 59]  

 

Figure 1.7: Different types of POM clusters known in literature: 

(a) Crystal structure of a typical POM cluster (Keggin-type) illustrated by ball-and-stick (left) and polyhedral 

model (right). Reprinted with permission from [51], copyright (2015) RSC. (b) Ultra-huge POM cluster built up 

by 368 molybdenum and 1032 oxygen atoms. Differing polyhedrons (e.g. Mo2-based in red) are illustrated 

by different colours.[52] Reprinted with permission from [53], copyright (2002) Wiley VCH. (c) More complex 

clusters based on a combination of several lacunary clusters (e.g. trimeric Keggin-Cluster). Reprinted with 

permission from [54], copyright (2013) RSC.  (d) Polyhedral representation of classical POM cluster (e.g. 

Lindqvist or Anderson) and lacunary clusters (e.g. Keggin-type = XW11). Reprinted with permission from [55], 

copyright (2018) Wiley VCH. 
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Moreover, clusters with up to several hundreds of metal atoms (Mo368O1032 nano-hedgehog 

shown in figure 1.7b) are literature known.[52-53] Thus, a first benefit of POMs is their great 

diversity in size and shape. Beside of changing the number and kind of metal ions, new 

clusters can also be formed by rearranging or combining basic clusters. This way, very 

complex structures with unique properties can be built (e.g. by combining three Keggin-

Clusters (EW11O39) to larger structures; figure 1.7c part f).[54] For such experiments, so-

called lacunary clusters are often used. Lacunary clusters result from removing one or more 

octahedra from the basic cluster (cf. figure 1.7d).[55] These fragments can be connected in a 

second step by a simple condensation reaction or by numerous organic reactions (see 

below).[60-61] Thus, customized POM clusters can be formed, distinguishing in size, shape 

and physical properties. But why should we invest time and money for synthesizing POM-

based materials? During the last 3 decades, the number of publications mentioning POMs 

have risen tremendously. In 1990 just 6 publications (0.07% related to the total number of 

publications during these three decades) were published, while 2019 776 (8.83%) 

publications appeared (cf. figure 1.8a). This exponential growth in publications illustrate an 

increased interest in the beneficial properties and numerous possible applications of POMs.  

In short, POMs are very famous for their chemical properties. To list just three of them, these 

are a strong acidity, the variability in reversible redox-processes and the possibility of 

accepting electrons without a structural change.[64] Since all these beneficial properties are 

well-reported in numerous reviews,[55, 59, 65-67] a remaining question is their utilization in 

applications. POM-based materials can be used in numerous fields, e.g. energy generation 

 

Figure 1.8: Popularity and utilization of POMs in research: 

(a) Overview over publications mentioning “polyoxometalates” as a main topic (1990-2019).[62] (b) Fields of 

possible applications in POM-chemistry, demonstrated by energy storage, sensors, etc. Reprinted with 

permission from [63], copyright (2019) RSC.  
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and storage as well as in medicine or catalysis (cf. figure 1.8b).[63] Some impressive 

examples of functional materials based on POMs is illustrated by electrochemical devices. 

POMs can accept a high number of electrons without a structural change (cf. figure 1.9a).[55] 

This fact is caused by the numerous metal atoms, showing their highest possible oxidation 

number (e.g. W/Mo = +VI). These species are highly electrophilic and susceptible to 

reduction. In example, distributing the electrons over the entire cluster, a maximum of 24 

electrons can theoretically be absorbed by a simple PMo12O40 cluster without any structural 

change.[68] These very special properties can be used in several devices. An obvious 

possibility is given in the field of energy storage (i.e. batteries).[69-70] There, multi-electron-

transfer processes enable a very high capacity, while the structural stability ensures for 

mechanical stability.[71] Even if research has advanced significantly, several further steps are 

necessary for creating commercially usable devices.  

Figure 1.9: Possible applications in POM chemistry, illustrated by batteries, water-splitting devices, and drug-

delivery systems: 

(a) PMo12O40 clusters as a promising candidate for accepting 24 electrons without changing their structure. 

Reprinted with permission from [68], copyright (2014) ACS. (b) Ruthenium-modified Keggin-cluster based structures 

devices for electrochemical water-splitting. Reprinted with permission from [72], copyright (2017) RSC. Self-

assembled nanoparticles, consisting of POM clusters and peptides (c) are used for targeting intercellular biological 

structures (d). Reprinted with permission from [73-74], copyright (2016) RSC. 
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Another upcoming field of electrochemical applications is electro-catalytic water-splitting 

(cf. figure 1.9b).[72] By combining POMs with carbon nanotubes (CNT), new anodes can be 

synthesized, which show an improved efficiency and stability compared to classical 

CNTs.[75] These anodes can transfer electrons by using the carbon nanotubes as highly 

conductive electron conduits, to the catalytically active POMs. Thereby, water is oxidized 

forming molecular oxygen. In theory, this concept could be transferred to several other POM 

clusters.[76-78] As an illustrative example, a cobalt-based POM published by  Cronin et al.[79] 

is able to produce oxygen, while molybdenum-based clusters are known for hydrogen 

evolution reactions.[80] Therefore, completely new POM-based water-splitting systems are 

conceivable in future. As a third field of possible applications for the utilization of POMs, 

biomedical applications are to be mentioned. Even if POMs are inorganic species, they show 

promising properties for medical applications, i.e. a high polarity or well addressable redox 

potentials.[81] Their utilization in drug-delivery systems,[82] as anti-cancer drugs[83-85] or as 

bio-conjugated nanoparticles,[74] are investigated amongst others. Exemplarily, in 2015 

Zhang et al. published a nanoparticle built up by the incorporation of a europium containing 

POM cluster by a peptide shell (cf. figure 1.9c & d).[74] These hybrid nanoparticles can 

move inside cells and interact with the mitochondria target. Moreover, they demonstrate a 

good biocompatibility and a strong fluorescence behaviour, caused by the unique 

fluorescence properties of the POM cluster. This example highlights the possibilities of 

building biocompatible conjugates of POMs, while maintaining their unique chemical and 

physical properties. Finally, an application in the field of catalysis is tempting. POMs are 

highly acidic (sometimes even super BrØnstedt or Lewis acids) and additionally able to 

assume several different oxidation states.[86-87] Consequently, they are perfect candidates for 

catalysing several reactions, e.g. esterification (acidic) or oxidation of alkanes or alcohols 

(redox).[51] For these issues, POMs have been used in industry since several years.[88] 

Nevertheless, further improvements or even new catalysts are always desirable. Two current 

examples from literature are mentioned briefly. First, the photochemical reduction of carbon 

dioxide (CO2) by POM clusters published by Neumann and co-workers in 2017.[89] When 

CO2 is converted to carbon monoxide (CO) by light and a POM catalyst, a first impressive 

step for utilization of CO2 is done. Since polyoxometalates are highly stable, redox-active 

and compatible with transition metal complexes (rhenium in this publication), they are 

highly suitable for an up-conversion of CO2. When CO2 is returned to the cycle of chemical 

production by such processes, a further conversion to more complex products would be 

desirable, too. A second example was published by Ueda and co-workers in 2020.[90] By 
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using Keplerate-type clusters, build up by molybdenum-iron oxide, a catalyst for selective 

methanol oxidation was made available. Both examples are relevant topics addressing the 

urgent need to slow down climate change and producing sustainable chemicals. So, the new 

catalysts reported in these publications promise high potential for future research. All in all, 

new or improved catalysts are essential for higher efficiencies in terms of ecologic and – of 

course – economic issues.  

In short, polyoxometalate (POM) clusters are built up by a covalent linkage of transition 

metals (e.g. tungsten or molybdenum) by oxygen atoms. The resulting clusters show 

numerous impressive physical properties, e.g. redox activity. Therefore, they are promising 

candidates for numerous applications, like in batteries, drug-delivery or catalytic systems. 

A further improvement of POM-based catalysts can be reached by (in-)organic 

modifications. This way even more effective hybrids (e.g. showing an altered electronic 

structure) can be synthesized.[91] Due to the high relevance for this PhD project, these organic 

modified hybrids are shortly mentioned. Polyoxometalate clusters are predestined for 

modification by further organic or inorganic moieties. By removing one or more of the 

metal-oxide units, lacunary clusters can be formed (cf. figure 1.7d).[55] Since lacunary 

clusters show an enhanced reactivity, they can further be functionalized. Beside a possible 

formation of larger aggregates consisting of several lacunary clusters (as already mentioned 

at the beginning of chapter 1.2), inorganic-organic hybrids can be synthesized. Therefore, 

an organic moiety must be designed, which reacts selectively with the targeted cluster. The 

nature of the POM determines the choice of a suitable organic precursor. While Anderson 

clusters (EM6O24) can be functionalized by tripodal alcohols,[92] Lindqvist (M6O19) prefer 

diazoalkanes.[93] In this PhD-project lacunary Keggin-Type clusters (EW11O39  with E = P, 

Si, Ge, B) were used, which can be modified by silanes[61, 94] or stannanes[95]. Due to a higher 

stability against oxygen and water, a less complicated synthesis route and a significantly 

lower toxicity, silanes were used as precursors. By using silanes, a lacunary Keggin cluster 

can be addressed by two silane-modified precursor molecules. Thereby, four reactive oxygen 

atoms build a square-shaped reaction side (cf. figure 1.10a).[96] This reaction side determines 

the formation of the product significantly. When two oxygen atoms react with each silane 

molecule by a condensation reaction, two chains can be bound to the cluster. By using 

stannanes or a larger lacunarity, POM-hybrids showing one or even three chains are 

accessible (cf. figure 1.10b).[96]  
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Moreover, two chained Keggin-based hybrids (highlighted in green) can differ by the way 

of linking both organic chains by a silicon-oxygen-silicon bridge or not. Since lacunary 

clusters are asymmetric, the organic precursor molecules are bound at one side of the cluster 

(cf. figure 1.10c), resulting in a surfactant-like architecture.[97] The resulting hybrids 

combine benefits of both used types of compounds. While the functionalized POM cluster 

accounts for multi-electron-transfer processes, for instance the organic tail can be used for 

further functionalization. By further conversions of the functional groups of the organic part, 

new tailor-made properties can be addressed. On the one hand, classical organic properties 

like fluorescence labels – used predominantly in the fields of medicine and therapy – can be 

incorporated.[98] Secondly, a post-functionalisation with additional transition metals can be 

pursued. By using organic ω-ends, which can coordinate metal ions, essentially every 

transition metal can be made available (cf. figure 1.11a).[61] For instance, by coordination 

of a ruthenium complex, the photophysical properties of the compound can be extended.[99]  

 

Figure 1.10: Synthesis of Inorganic-Organic POM-hybrids by silylation: 

(a) Different lacunary clusters with highlighted geometry of the lacunarity (red = reactive oxygen atoms). The 

herein used Keggin cluster is highlighted in green. (b) Differences in lacunary geometry result in different 

numbers of organic moieties. The herein used four-times bounded species is highlighted in green. Both 

reprinted with permission from [96], copyright (2010) ACS.  (c) Way of functionalizing a POM cluster by 

hydrosilylation. Reprinted with permission from [97], copyright (2007) Elsevier.  
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Figure 1.11: Further post-functionalization of POM hybrids for improvements in catalysis: 

(a) Representation of a Mn, Rh and Pd post-functionalized POM hybrid. Reprinted with permission from [61], 

copyright (2012) RSC. (b) Metal-driven formation of triangular or square shaped assemblies. Reprinted with 

permission from [100], copyright (2017) ACS. (c) By formation of metal-organic frameworks (MOFs) out of POMs, 

the catalytic activity and selectivity can be significantly enhanced. Reprinted with permission from [101], 

copyright (2018) ACS.   
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Moreover, magnetic properties can be introduced by manganese or gadolinium incorporation 

to create magnetic surfactants.[102-103] These surfactants are very promising candidates for 

drug-delivery systems, due to their good controllability by external triggers.[104] Therefore, 

an external magnetic field can be used to move the aggregates to the infected area. When a 

reorganisation of the surfactant molecules is initiated by a magnetic pulse, the drug is 

localized released. In this way, local cancer diseases can be tailor-made treated by medicine.  

On the other hand, metal containing surfactants can be utilized in catalytic processes, by 

using their coordinated metal ions, e.g. rhodium, platinum, or palladium. By using the 

catalytic activity of the POM cluster and of the bound transition metal ions, a two-step 

reaction can be performed by a single catalyst for example. An example for such a complex 

catalyst was published by Laôte et al. in 2014, performing an allylation of imines and an 

oxidation by a POM-Pd hybrid.[105] A second possibility for an improvement of the catalytic 

performance of a POM catalyst is a directed self-assembly of the catalyst. The resulting 

meso-structured catalyst can show a significantly improved performance, compared to that 

of single molecules. Examples for such an enhancement were the self-assembly of 

N-heterocyclic carbene (NHC)-Cu-surfactants or POM-surfactants in aqueous solutions, 

reported by the Polarz group.[106-107] These catalytically active surfactants can be applied as 

catalysts for the polymerization of styrene or methyl methacrylate monomer inside their 

aggregates. While the POM-cluster performs a cationic polymerization by its high 

acidity,[107] the NHC surfactant induces a copper-catalysed atom transfer radical 

polymerization (ATRP).[106] A further possibility for an improvement of the catalytic 

performance is the formation of metal-organic-frameworks (MOFs). MOFs can be created 

by linking several POM-hybrids by metal-centred coordination-driven process.[100] Thereby, 

a metal ion (e.g. palladium) is coordinated by at least by two hybrid molecules (cf. figure 

1.11b). These highly ordered structures are very promising candidates for numerous catalytic 

systems, due to their high surface areas (based on the MOF architecture) and diverse possible 

catalytic reactions (originating from the POMs).[108] So, a reaction take place in in 3D 

channels of a MOF system reach significantly higher conversion and selectivity, compared 

to a 1D or even channel-free system (cf. figure 1.11c).[101]  
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To sum up, POMs are of growing interest in the fields of catalysis, energy storage or drug 

delivery due to their favourable redox-activity and acidic properties. The most promising 

field of application is in catalysis. By post-functionalization of lacunary clusters, inorganic-

organic hybrids can be formed, enabling cascade reactions or exhibiting synergistic effects. 

These effects can additionally be initiated or augmented by the interaction of hybrids to 

generate nano-scaled materials.  
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1.3. Plasmonic nanostructured materials  

 

Nano-scaled materials and their physical properties are well-known for more than 2000 

years. They are often the cause of impressive effects, observed in nature, art, or engineering. 

A first very popular example in nature is the Lotus-effect shown by lotus leaves. The very 

hydrophobic properties of the leaves are generated by a nano-structured surface, resulting in 

contact angles of 170°.[111] After 

understanding the architecture 

on the nano-scale, researchers 

were able to imitate these 

structures to form materials 

showing similar effects.[112] In 

this way, we can mimic effects 

due to nano-structuring  

observed in nature. Additionally, 

these effects are also used by 

humans since several centuries 

for producing innovative 

materials. An extraordinary 

example is shown in figure 

1.12a, by the Lycurgus Cup. 

This cup was made by the 

Romans in the 4th century.[109] 

By incorporation of 

nanoparticles – consisting of a 

gold-silver alloy – the glass 

appears to be of different 

colours. While the Lycurgus 

Cup shows a greenish colour by 

reflecting light, it turns red when light is transmitted through the glass. This dichromatic 

effect was further utilized by Saggiomo and co-workers more recently for creating 

dichromatic materials by using polymers and metal nanoparticles.[113-114] But even if these 

materials are on top of being appealing to the eye, nano-structured metallic materials can be 

 

Figure 1.12: Applications of plasmonic nanoparticles in daily life: 

(a) Lycurgus Cup show a greenish colour while reflecting light (left) 

and red one by transmitted light (right). Reprinted with permission 

from [109]. (b) Overview for promising applications of plasmonic 

nanostructured materials by irradiation with light. Reprinted with 

permission from [110], copyright (2012) Elsevier.  
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used for more advanced applications. Precisely, applications in biomedicine,[115-116] in 

optics[117-118], photochemistry[119-120] or in analytical measurements[121-122] are known (cf. 

figure SoA-11b).[110] These applications are all based on the unique physical behaviour of 

metallic nano-scale materials. Due to these properties, so-called plasmonic nanostructures 

are intensively being studied during the 21 century. As an example, in 2017 roughly 8000 

publications addressing “plasmonics” or “surface plasmon” were published.[123]  

 

Figure 1.13: Illustration of physical basics occurring in plasmonic nanoparticles: 

(a) graphical illustration of the enhancement of localized surface plasmons (LSP) in metallic nanoparticles by 

an external field (e.g. light). Reprinted with permission from [124], copyright (2018) MDPI. (b) excitation of LSPs 

by a evanescent field if the diameter of the nanoparticle (NP) is smaller than the wavelength of the irradiating 

light. Reprinted with permission from [125], copyright (2017) IOPscience. (c) heating by plasmonic nanoparticles 

in medium by laser irradiation. Reprinted with permission from [110], copyright (2012) Elsevier. 
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Since the PhD project discussed in chapter 3-5, mentions a utilization of gold nanoparticles 

– polyoxometalate surfactant (AuNP-POM-Surf) hybrid systems for catalytic issues a short 

overview about the physical principles of plasmonic nanoparticles will be provided. 

Moreover, some most important results from ongoing research in the field of plasmonic-

catalysis and POM-gold hybrids will be discussed. For further information about plasmonic 

nanoparticles, comprehensive reviews are available.[115, 124-129] 

Metallic and especially gold nanoparticles are famous for their localized surface plasmons 

(LSPs). A plasmon is defined as a ’collective oscillation of free electrons in metals’.[125] 

Therefore, plasmons occur in bulk materials, on surfaces, and especially in nanoparticles. 

For a physical description of these oscillations, the Drude model can be used as a starting 

point. Thereby, electrons are assumed as delocalized, totally free moving particles in a bulk 

material, analogous to a gas by the kinetic theory of gases.[130-131] These electrons start to 

oscillate at well-defined frequencies, when they are exposed to an electromagnetic field. 

Consequently, a plasmon can be classified as an excitation of a plasma.[132-133] Thus, the 

plasma itself is built up by an electron cloud, oscillating around positively charged ions, e.g. 

located in a nanoparticle (illustrated in figure 1.13a).[124] The excitation of plasmons is 

restricted to the range of the electromagnetic field. So, the depth of penetration and the 

amount of energy transferred by light to a material plays a major role. Excitation requires by 

a constructive interaction of conductive electrons and photons for the formation of plasmons. 

Consequently, most metals show a plasma frequency in the ultra-violet regime of light (λ < 

380 nm, E ~ 5eV).[134] If these plasmons occur at the interface of a metallic surface and a 

dielectric medium, they are called surface plasmon polaritons (SPPs).[135] By solving 

numerous Maxwell equations, a further remarkable fact can be noticed. If SPPs have to 

occur, the dielectric constant of both interfaces (metal & medium) show opposite signs (i.e. 

εmetal = -n εmedium).[136] A second very important fact obtained by further calculations is a 

localization of the SPPs to the surface of the metal. Since the concentration of SPPs 

correlates directly to the penetration depth of the electromagnetic field (i.e. light) and the 

dielectric constants of both compounds, SPPs are mainly detected at the surface (depth of 

~20 nm).[135, 137] Consequently, metallic nanoparticles are perfectly suited for plasmonic 

interactions, due to their exceptionally large surface to volume ratio.[138-139] Moreover, if a 

particle is significantly smaller than the wavelength of the irradiated light – used as an 

electromagnetic trigger – so-called “localized surface plasmons” (LSP) are generated (cf. 

figure 1.13b).[125] Thereby,  the LSP is localized as a stationary wave all over the particle, 
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due to the limited size of the nanoparticle. Thus, the plasmons of a metallic nanoparticle can 

be approximated in physics by a harmonic oscillator.[132, 140] By using the Drude model 

mentioned before and the Mie theory, describing an elastic scattering of light on spherical 

objects in the size range of the light wavelengths,[141] plasmonic nanoparticles can be 

described in principle.[142] If both models are combined, a ‘resonant enhancement for 

scattering and absorption’ frequencies of nanoparticles can be calculated. This so-called 

‘Fröhlich condition’ is mainly based on the dielectric function of the particle and the medium 

(cf. SPPs).[143] Therefore, a perfect enhancement of LSPs by light can be generated, resulting 

in gold nanoparticles acting as nano-antennas for light/energy.[144]  

In summary, plasmons are generated by oscillating electrons occurring in metallic materials. 

Their frequency and intensity can be influenced by several parameters, i.e. size, shape and 

composition of the nanoparticle, the surrounding medium or the irradiating light.[110, 125] The 

resulting plasmons show a significant influence to their direct environment by changed 

properties of metallic (nano-)materials. 

First, gold nanoparticles can absorb visible light by their changed electro-optical properties. 

The ‘classical’, most common type of gold nanoparticles – spheres showing a diameter of 

10 to 100 nm – absorb photons of visible light very well. The maximum for their absorption 

in suspensions is located at circa 525 nm, resulting in enhanced LSPs and a deep red 

colour.[115] According to simulations, done by Hashimoto and co-workers, the best 

performance for this absorption can be realized by nanoparticles showing a diameter of 

~50 nm.[110] But this absorption also results in a further challenge. A fact every natural 

scientist should be aware of, is the first law of thermodynamics. According to this principle 

energy can never get lost in an isolated system (in our case a plasmonic nanoparticle).[145] 

So a key factor for plasmonic nanoparticles is the remaining energy and its influence to the 

environment. When gold nanoparticles absorb a high amount of energy, e.g. by laser light 

irradiation, most the time a nano-heating effect is measurable (cf. figure 1.13c).[110] Thereby, 

nanoparticles absorb energy irradiated by a laser and spend it to the medium. If a large 

amount of energy is spent this way, an explosive evaporation of solvent in the direct 

environment of the nanoparticle can occur. These nano-heating hot-spots are often discussed 

in literature.[146-148] Since gold nanoparticles are chemical inert and easily accessible for post-

functionalization by ligands, their utilization for biomedical applications is promising. For 

example, metal nanoparticles can be used for the thermal treatment of cancer. When 

nanoparticles were directed to a tumour, it can be selectively heated by irradiation and the 
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diseased tissue dies.[149-150] Since, a complete understanding of the physical principles of this 

heating effect is highly desirable, numerous studies were performed. These have resulted in 

a four-step process. Thereby, the energy is in a first step absorbed by the conductive 

electrons, leading to excited electrons without a change in thermal energy (= plasmons). 

After a few picoseconds, the electrons transfer the energy to the lattice of the nanoparticle. 

In a third step, the energy is transferred as heat to the surrounding medium followed by a 

heat diffusion within the medium.[151-152] Obviously, the last two steps cannot take place if a 

nanoparticle is in vacuo. If this is the case, a large amount of energy is usually lost by rapid 

heating, electron ejection or a near-field ablation, resulting in a fragmentation of the 

nanoparticle.[110]  

  

 

Figure 1.14: Possible resulting effects in gold nanoparticles by irradiation: 

(a) Illustration of the excitation and relaxation of electrons in plasmonic NPs. Their transfer through a Schottky 

barrier to the conduction band of a semiconductor (e.g. TiO2) is possible. Reprinted with permission from [153], 

copyright (2016) ACS.  (b) Plasmonic hot-spots generated by coupling two (a-d) or numerous NPs (e-h). Reprinted 

with permission from [123], copyright (2017) RSC. (c) Calculated plasmonic maxima for different shapes (spherical, 

rod-like and star-shaped) nanoparticles, showing a very strong enhancement – up to a factor of 15 (stars) compared 

to 1.5 (spheres). Reprinted with permission from [153], copyright (2016) ACS.  
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For example, Koda et al.[154] and Inasawa et al.[155] show in their publications the possibility 

of splitting gold nanoparticles by heat, generated by the absorbed energy of a laser. In 

contrast, further models are discussed in literature, i.e. a Coulomb explosion model based on 

the ejection of electrons.[156-157] Anyway, these examples illustrate the massive amounts of 

energy which can be absorbed by the plasmonic nanoparticles very well. Consequently, gold 

nanoparticles can be considered as nano-lenses, changing the electromagnetic field and the 

temperature at their direct environment. A main challenge on the next level of research is 

using this absorbed energy for directed processes. Even if a usage in cancer therapy is a 

desirable aim, more challenging systems are imaginable. As an example, using the plasmons 

themselves for applications would be a promising challenge. This could be realized by 

pulling the enhanced electrons out of the plasmonic oscillations. This results in the formation 

of so-called “hot electrons”.[158] An illustrative example was published by Sousa et al. in 

2016.[153] By combining gold nanoparticles with a titanium dioxide substrate, the excited 

electrons were used for a catalytic photodegradation process. These hot electrons are defined 

as electrons having larger energies than the thermal excitation at room temperature.[159-160] 

Due to this excess of energy, hot electrons should be able to transfer to conduction bands of 

semi-conductors or unoccupied orbitals of molecules (cf. figure 1.14a).[125, 153] One was able 

to use these hot electrons for applications, e.g. in catalytic reactions or solar cells, a 

remarkable scientific progress would be realized. Some examples for such successful 

applications, using hot electrons are known by now. First ones are plasmon-boosted solar 

cells, published by Su et al. in 2012.[161] By using layer-by-layer structures of gold 

nanoparticles transferring electrons to a titanium dioxide (TiO2) substrate, the photoelectric 

conversion was enhanced. Further systems based on plasmonic hot electrons and titanium 

dioxide used in solar cells,[162-163] or for water splitting[164-165] were published afterwards. 

Even if the utilization of hot electrons is a great advantage, Sousa et al. show in their 

publication a further benefit of plasmonic nanoparticles. By using nanoparticles of 

anisotropic shape, the plasmonic resonance can additionally be tuned (cf. figure 1.14c).[153] 

While  a sphere or a rod shows two semi-spheres with an increased enhancement factor (red), 

star-shaped nanoparticles exhibit a ten times stronger enhancement at their tips. Obviously, 

these tips are perfect candidates for the transfer or utilization of hot electrons for 

applications. This effect was additionally confirmed by further publications, mentioning the 

plasmonic resonance of anisotropic nanoparticles.[121, 166] A second possibility for an 

enhancement of the catalytic performance of a nanoparticle system is a directed aggregation. 

Plasmonic hotspots, like the spots at the tips of a nano-star, can be formed by ordered 
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particles, too (cf. figure 1.14b).[123] Since the plasmons of nanoparticles are able to interfere 

with plasmons of nanoparticles in their nearest physical proximity, a controlled assembly is 

a second possibility for the synthesis of plasmonic enhanced materials. So, when several 

nanoparticles are combined in a defined fashion, plasmonic hotspots are formed by 

constructive interference inside the gaps. Consequently, the formation of mesocrystals is 

another possible way to achieve an increased plasmonic performance.[167-168]  

In short, metallic nanoparticles and especially gold nanoparticles, can interact with irradiated 

light by their plasmons (= stimulated, oscillating electrons). The energies and intensities of 

these plasmons can be tuned by changing the size, shape, elemental composition or even the 

aggregation pattern of the nanoparticles. The absorbed energy can be utilized for the 

generation of heat or in further advanced applications when a transfer of ‘hot electrons’ to 

other materials in proximity is successful.  

Another highly promising application based on plasmonics is plasmonic catalysis. Most of 

the industrial used processes comprise at least one catalytic conversion step, e.g. the Haber-

Bosch synthesis[169] or organic cross coupling reactions[170]. Therefore, plasmonic effects of 

catalytically active nanoparticles are expected to further enhance the performance or even 

enable new synthesis routs. As was discussed in chapter 1.2, polyoxometalate based hybrids 

are perfect candidates for obtaining first insights in such complex systems. Due to their 

redox-activity, numerous possibilities for triggering redox-processes exist. Moreover, the 

high stability during such processes and easy way of functionalization would facilitate the 

synthesis and investigation of a hybrid system. The best candidate for realizing a gold 

nanoparticle – polyoxometalate surfactant hybrid system is assumed to consist of a 

polyoxometalate-thiol (POM-SH) hybrid. While the POM cluster can act as a catalytic centre 

for a test reaction (acidic or redox), the thiol group can be used as an anchor group, providing 

a strong binding to the gold surface. Additionally, a bolaamphiphilic architecture (cf. 

chapter 1.1) likely supports this process by an increased accessibility of both head groups. 

There are currently only few examples for such architectures or systems of inorganic-organic 

POM hybrids in the literature. A first example was published by Cabuil et al. in 2002 (cf. 

figure 1.15a).[171] By combining a lacunary Keggin cluster and two 1-propanethiol chains, 

linked by siloxanes, a short-chained hybrid was successfully synthesized. By using a post-

functionalization step, these molecules were assembled on very small gold nanoparticles of 

diameters between 4 and 12 nm. Since such a polyoxometalate-gold (POM-Au) hybrid 

system was synthesized the first time, a complete characterisation of the structure of the 
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system was performed without any investigations regarding their physical or catalytic 

properties. In 2014, Forster and co-workers synthesized a further POM-SH hybrid (cf. figure 

1.15b).[172]  

 

Figure 1.15: Polyoxometalate-based thiol hybrids and usage of gold-nanostructures for catalytic applications: 

(a) POM-Thiol hybrids can be assembled on gold nanoparticles for forming functionalized nanostructures. 

Reprinted with permission from [171], copyright Wiley VCH. (b) Formation of SAMs by a Keggin-thiol hybrid 

showing the possibility of an electron transfer by an aromatic chain. Reprinted with permission from [172], 

copyright (2014) ACS. (c) Molecular structure of a Dawson-cluster based POM-thiol hybrid, showing an 

interesting redox-active behaviour with numerous reversible reduction steps. Reprinted with permission 

from [173], copyright (2017) RSC. (d) Redox-active behaviour of AuNP-POM hybrids shown by switched optical 

properties. Reprinted with permission from [174], copyright (2020) Wiley VCH. (e) Plasmonic nanostructures 

can be used for photothermally enhanced reactions by nano-heating. Reprinted with permission from [160], 

copyright (2014) ACS. (e) By combination of plasmonic NPs and further catalytic active groups or elements 

(e.g. palladium), several reactions can be enhanced by light. Reprinted with permission from [175], copyright 

(2013) ACS. 
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By using an electrically conductive chain and a tin atom as a linkage, they were able to show 

the possibility of an electron transfer between a gold electrode and the POM cluster. 

Moreover, the authors underlined the high importance of an electrically conductive chain for 

this process by a second compound comprised of a propane spacer, which effectively 

suppressed an electron transfer by the non-conductive alkyl segment. A last example was 

published by Newton et al. in 2017, publishing a Dawson-cluster (P2W18O62) based thiol 

surfactant.[173] Even if this compound was not assembled during this publication to a gold 

surface, it showed a decreased number of reversible reduction steps and less well-behaved 

amphiphilic properties compared to the simple cluster (cf. figure 1.15c). So, multi-electron 

redox processes and micellar aggregates in solution were demonstrated by the authors, 

illustrating the redox-activity and self-assembly behaviour of these compounds. Three years 

later, Newton et. al. show the promising properties of the surfactants on gold surfaces, 

too.[174] By creation of an assembly based on POM-SH surfactants and spherical gold 

nanoparticles generated by reduction of auric acid with citrate, redox-active hybrids were 

synthesized. These could reversible be switched in their optical behaviour by 

oxidation/reduction, showing an additional absorption maximum in UV-VIS spectroscopy 

(figure 1.15d; λUVVIS = 820 nm) in their reduced state. Consequently, POM-SH hybrids are 

promising candidates for plasmonic catalysis, which has been investigated during the last 

ten years in detail. Based on these promising result, some more publications mention the 

utilization of plasmons in catalysis during the last ten years either.[119, 124, 160, 176] By 

enhancing the energy or number of conductive electrons of a metallic nanoparticle, an 

improved catalytic performance was realized. There are two ways to explain the observed 

beneficial effects in literature most the time. First, the rate of a reaction is strongly dependent 

on temperature, in accordance to the Arrhenius equation (cf. Equation 2):[177]  

K � A exp(-E�/k�T)   Equation 2 

[A = constant, Ea = activation energy of the reaction, kB = Boltzmann constant, T = temperature.] 

So, when irradiated nanoparticles generate heat, catalytic processes in their direct physical 

proximity are accelerated (cf. figure 1.15e).[178-179] Moreover, the local heat is able to 

activate reactants and boost numerous types of chemical reactions.[160] A second possibility 

is a direct manipulation of the catalytic process by electron transfers. When the catalytic 

centre is anchored to the surface of a gold nanoparticle, an electron transfer can occur. 

Thereby, the activation energy of a reaction can directly be influenced by the hot 

electrons.[180] An illustrative example was shown by Yan et al. in 2013 (cf. figure 1.15f).[175] 
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By using palladium functionalized gold nanorods as catalysts, organic cross coupling 

reactions (e.g. Suzuki-reactions) were accelerated. Since the reaction was two-times more 

efficient by irradiation with light compared to a simple thermal heating, an electron transfer 

was proposed. By this way the complete reaction can be performed using a small amount of 

catalyst in short reaction times under irradiation with sunlight. This example shows very 

impressively the great opportunities of plasmon-supported chemical reactions.  

Plasmon-supported catalysis is of growing interest in research. During the recent years, some 

publications show the possibility of an acceleration of catalytic reactions by plasmonic 

nanoparticles. By using the generated heat or directly the hot electrons, catalytic reactions 

can be significantly accelerated. When using POM-SH hybrids as catalysts, the catalytic 

active POM clusters should also be addressable by plasmons. Moreover, due to their redox 

activity and molecular structure, an electron transfer followed by an absorption of hot 

electrons at the cluster should be possible as well. Consequently, a gold nanoparticle POM-

SH surfactant hybrid system should allow for a deeper understanding of the occurring 

processes during a plasmon-supported catalysis.     
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1.4. Analytical measurements  

 

Since polyoxometalate-thiol (POM-SH) surfactants are inorganic-organic molecular 

hybrids, several independent analytical techniques are necessary for a reliable 

characterization. First, a molecular characterization of the used compounds is indispensable. 

Therefore, multi-nuclear magnetic resonance (NMR) spectroscopy,[181-182] electrospray 

ionization mass spectrometry (ESI-MS),[183] infrared (IR) spectroscopy[184] and 

thermogravimetric analysis (TGA)[185] measurements were performed. For investigating the 

physical properties of the POM hybrids, several methods were used. By measuring cyclic 

voltammetry (CV)[186-187] the redox behaviour of the polyoxometalate group was examined. 

Moreover, conclusions regarding the interaction between molecules of the POM-SH hybrids 

during the self-assembly could be derived. The surfactant properties were proven by 

measuring the decrease in surface tension (pendant drop method).[188] Additionally, the 

formed aggregates in aqueous solutions were characterized by dynamic light scattering 

(DLS)[189] and transmission electron microscopy (TEM)[190-191]. For investigating the 

stability of POM-SH surfactants in aqueous solutions, additional time-dependent NMR 

spectroscopic and ESI-MS measurements were performed. 

When POM-SH surfactants were used for the formation of gold nanoparticle-based materials 

(AuNP-SURF-Ex), the resulting hybrids were investigated in terms of their structures and 

morphologies. Therefore, the sizes and shapes of the gold nanoparticles were investigated 

by DLS and TEM measurements. Moreover, the optical properties were addressed by 

ultraviolet-visible (UV-VIS) spectroscopy.[184] The formation of a layer of POM-SH 

surfactants on the surface of the nanoparticles and the elementary composition of the hybrids 

were analysed by energy-dispersive X-ray (EDX) spectroscopy[192]. Afterwards, the 

conversion in a catalytic test reaction was observed via 1H-NMR spectroscopy. Finally, 

density-functional theory (DFT) calculations for every POM-SH hybrid developed herein 

were performed, for providing additional evidence of their molecular structure and electronic 

properties. 

For simplifying the interpretation of the shown data during the chapter 3, the most 

frequently used analytical methods are shortly introduced at the beginning of chapter 6 – 

(III – X). For gaining further knowledge, the journal ‘Analytical Methods’ of the Royal 

Society of Chemistry[193] and some textbooks[184, 194-196] are recommended. 
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2. Challenges and Objectives 

 

During the last two decades, polyoxometalate 

(POM) based compounds come more and 

more into the focus of scientific interest.[197] 

Especially vanadium-, molybdenum- or 

tungsten-based oxygen clusters have 

numerous advantageous properties, making 

them tempting for researchers.[58] Beside 

their high redox-activity,[68] 

polyoxometalates show an interesting 

luminescence[99] and magnetic[198] behaviour, 

and act as strong BrØenstedt acids[199].[54] 

Consequently, based on these properties, 

many possible applications are conceivable. 

These can be battery production,[200-202] data 

storage[203] or even catalytic[204-206] reactions. 

For accessing these systems in a most 

effective way, polyoxometalates can be 

modified in a way that turns them into 

organic-inorganic hybrids.[96, 207] These 

combine the promising physical properties of 

the POMs with e.g. a higher solubility in 

apolar solvents, further chemical functional 

groups, or specific properties attributed to 

their molecular architecture.  By combining 

the physical structure of surfactants with 

catalytically active nanometre sized 

materials, very interesting nano-structured 

catalysts are accessible.[208] In the context of 

this thesis, such polyoxometalate surfactant-

based plasmonically enhanced catalytic 

systems shall be synthesized and explained in 

 

Figure 2.1: Aims of the thesis. 

By synthesizing POM-SH surfactants new self-assembled 

nano-hybrid structures in aqueous solutions should be 

addressable. The surfactants are further used for 

catalytic reactions by irradiating these systems and 

investigating synergistic effects (e.g. plasmonic effects) at 

the nanoscale.   
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detail. First, a surfactant with bolaform architecture showing two different head groups shall 

be synthesized. As head groups a POM cluster and a thiol group were chosen. Since POMs 

are very hydrophilic and known for acting as acidic-, redox- or even photo-catalysts in 

several reactions,[58, 209-210] the highly charged clusters are suitable for the introduction of 

catalytic activity in surfactant molecules. By linking hydrophobic alkane-based mercaptans 

to these clusters, new bolaamphiphiles can be synthesized. These molecules are good starting 

points for further research due to the amphiphilic properties of bolaamphiphiles in aqueous 

solutions (i.e. self-assembly and aggregation of surfactants). Consequently, by varying 

numerous parameters (charge of the POM cluster, chain length of the alkyl linkers, etc.) the 

impact of these parameters on the surfactant properties is investigated. By getting a deeper 

insight into the intermolecular interactions (i.e. Coulombic forces), the self-assembled 

structures, interfacial activity and long-term stability of the compounds can be investigated 

(cf. figure 2.1 - upper part). In chapter 3.2, the catalytic activity of the POM group is 

addressed, with the ultimate goal of enhancing the catalytic activity of specific test reactions 

by the nanostructured materials.[211] An aim worth striving for is the enhancement of the rate 

of a catalytic reaction by a nanostructured material. Therefore, by using the thiol groups as 

anchors, the surfactants will be firmly attached to gold surfaces. By taking advantage of the 

already mentioned plasmonic properties of gold nanoparticles (cf. chapter 1.3),[137] the gold-

surfactant hybrids are highly suitable candidates for the formation of catalytically active 

hybrid systems. In this context, an enhancement of the rate of cluster-centred catalysis by 

the plasmonic nanoparticle shall be investigated (cf. figure 2.1 - lower part). Since 

plasmonic effects can be triggered by the irradiation of light,[212] an irradiation of the hybrid 

system with light of different wavelengths seems promising. Thereby, the impact of the 

wavelength and intensity of the irradiating light on the catalytic activity will be investigated. 

By a variation of the length of the hydrophobic alkyl unit in the hybrid system, distance-

dependent enhancement relationships can be deduced, and improved catalytic conversions 

be aimed at. Additionally, the underlying principle for the enhancement in catalytic activity 

will be explained. For getting deeper insights into the mechanistic principles of the system, 

numerous further parameters are varied. By changing the POM clusters of the surfactant, the 

electron conductivity of the chain, or the nanoparticle shape, several varied systems are 

realized. By comparing the performance of these systems, a mechanism for the light 

enhanced catalysis of POM-SH bolaamphiphile assembled on gold surfaces can be 

postulated. Since surfactants and even POM clusters can be modified easily, such a 

mechanism can be a first step for the development of more complex systems in the future.  
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3. Results & Discussion 

3.1: Synthesis, Self-assembly and Stability of EW11O39-Alkyl-SH 

surfactants 

 

The following chapter will illustrate the synthesis of a new type of highly optimized 

polyoxometalate-based organic-inorganic hybrids. These surfactants are based on a Keggin-

cluster (EW11O39), functionalized by thiol-terminated alkyl chains for the formation of an α-

, ω-bolaform architecture. Consequently, after a brief introduction into their synthesis 

pathways, the molecular characterization of the compounds will be discussed. Due to the 

aimed asymmetric architecture of the hybrids, the resulting molecules ([EW11O39-Si2O-

(CxH2xSH)2] with E = P, Si, Ge, B and x = 4-10) should possess surfactant-like structures. 

All data shown in chapter 3 are visualized by using a specific colour code (phosphorus-

/silicon-/germanium- or boron-based surfactants are shown by violet/blue/orange or green 

graphs), based on the hetero atom in the centre of the Keggin cluster used for the POM 

surfactants. Since molecules with the architecture of a surfactant are promising candidates 

for reducing surface tension and forming self-assembled aggregates in aqueous solutions, 

these properties are investigated. After discussing the observed effects in aqueous solutions, 

the long-term stability of polyoxometalate-based organic-inorganic hybrids will be 

addressed. This includes a detailed investigation of the bolaform surfactants by multi-nuclear 

magnetic resonance (NMR) spectroscopy and electrospray-ionization mass spectrometry 

(ESI-MS). Finally, all results which describe the behaviour and stability of bolaform POM-

SH-surfactants in aqueous solutions will be combined in to purpose a possible degradation 

mechanism.  

Beside their interesting behaviour in aqueous solutions, the synthesized hybrid systems also 

show further great opportunities. A first example will be discussed at the end of the first 

chapter with the synthesis of anisotropic gold nanoparticles by only using the surfactant as 

additive. During this synthesis, the surfactants act as catalytic photo-reductant, structure-

directing agent and stabilizer at once. In this way, highly anisotropic nanoparticles can be 

obtained, e.g. triangles, hexagons or cubes.  
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3.1.1: Synthesis and molecular characterisation of EW11O39-Alkyl-SH 

surfactants. 

 

During this chapter, a successful synthesis of bolaamphiphiles featuring two thiols and a 

POM head group is demonstrated. The targeted POM-based hybrids show an anisotropic 

architecture to establish 

amphiphilicity. To be more 

precise, two hydrophobic alkyl 

chains (-CxH2xSH) are covalently 

bound to a hydrophilic lacunar 

Keggin cluster (EW11O39) on one 

side of the cluster. The resulting 

architecture is exemplarily 

illustrated for [SiW11O39-Si2O-

(C10H20SH)2] = Si-C10-SH in figure 3.1. The aimed gradient in polarity of the compound, 

especially the difference between the hydrophilic cluster and the hydrophobic chains, is 

demonstrated by an electrostatic potential map. For synthesizing such large surfactants with 

lengths up to 2 nm, estimated by DFT calculations, containing a specific α, ω-

functionalization, accurately designed precursors are pivotal. Such organic precursors (cf. 

figure 3.2) need two functionalities – a triethoxysilane at their α-end and a thiol group at the 

ω-end. These precursors are accessible by using ω-bromo-alkenes as commercial starting 

materials. The alkene functionality can be converted to a silane, by a platinum-catalysed 

Karstedt hydrosilylation using triethoxysilane as a reactant. The reaction shows a conversion 

of up to 90%, depending on the length of the alkyl chains. Shorter chains lead to significantly 

higher yields at the α-end, due to the shorter spatial proximity of the bromo functionality. 

The success of reaction was confirmed by 1H nuclear magnetic resonance (NMR) 

spectroscopy (cf. figure 3.3). Thereby, a characteristic quartet (~3.4 ppm) and a triplet (~1.2 

ppm) is produced by the ethoxy groups of the triethoxysilane. Moreover, the linkage of the 

siloxane and the alkyl chain can be observed by a further triplet (~0.6 ppm) caused by the 

methylene group next to the silicon atom (cf. figure 3.3a). During a second reaction step, 

the bromo group is transformed into a thioacetate by a nucleophilic substitution (SN) 

reaction.  

 

Scheme 3.1: Structure of aimed surfactants illustrated by 

SiW11O39-Si2O-(C10H20SH)2 with measured dimensions and 

electrostatic potential map (optimized by DFT calculations).  
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This reaction works quantitatively in DMF, when 1.7 equivalents of potassium thioacetate 

are used. Also, this conversion was proven by 1H-NMR measurements. While the triplet of 

the methylene group next to the bromine (~3.4 ppm) disappears, a new triplet (~2.8 ppm) 

caused by the methylene group next to the thioacetate substituent is formed. Additionally, a 

singlet (~2.3 ppm) caused by the methyl group of the thioacetate functionality, can be 

observed (cf. figure 3.3b). The final organic precursor is synthesized by cleavage of the 

thioacetate group by using sodium borohydride. This reaction also reached quantitative 

yields as was further proven by 1H-NMR spectroscopy. While the triplet and the singlet of 

the thioacetate group disappear, a quartet (~2.4 ppm) caused by the methylene group next to 

the thiol group appears (cf. figure 3.3c). The excepted multiplet shows the shape of a quartet, 

even if a more complex splitting was expected. This fact can be attributed to an identical 

coupling constant of the proton at the thiol group and the methylene group next to the 

observed methylene unit, resulting in a nearly perfect quartet (intensities of 1:3:3:1). The 

desired organic-inorganic POM-SH-surfactants are available by an acid catalysed 

condensation reaction in acetonitrile.  

 

Figure 3.2: Synthesis route for bolaform architecture POM-SH surfactants. 
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The lacunar clusters (Kn[EW11O39], n = 7-9 and E = P, Si, Ge or B) react with two equivalents 

of the organic precursors. A Si-O-Si bridge is formed, while the ethoxy groups of the silanes 

are subject to hydrolytic cleavage. After purification of the product by ion-exchange 

chromatography for replacing the organic tetramethylammonium (TMA) ions with sodium 

ions and increasing the solubility of the respective surfactant in polar solvents i.e. water, the 

polyoxometalate bolaamphiphiles were characterized in great detail. A more detailed 

synthesis procedure is reported in the Experimental Section in chapter 6 – (XI – XXVI). 

 

Figure 3.3: Characterization of the synthesized precursors by 1H-NMR spectroscopy, showed by octyl-

compounds: 

(a) The spectrum of the hydrosilylated precursor shows signals caused by the ethoxy group at the α-end of 

the precursor. 1H-NMR: (400 MHz, CDCl3) δ (ppm) = 3.81 (q, 6H, O-CH2-CH3), 1.21 (t, 9H, O-CH2-CH3), 0.61 (t, 

2H, CH2Si(OEt)3). (b) The spectrum of the thioacetate precursor shows signals caused by the thioacetate group 

at the ω-end of the precursor.
 
1H-NMR: (400 MHz, CDCl3) δ (ppm) = 2.81 (t, 2H, CH2SAc); 2.26 (s, 3H, R-SCO-

CH3). (c) The spectrum of the thiol precursor shows signals caused by the ω-end of the precursor. 1H-NMR: 

(400 MHz, CDCl3) δ (ppm) = 2.46 (dt, 2H, CH2SH). 
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As an illustrative example of the complete characterization of a bolaform architecture 

POM-SH compound, Si-C10-SH (figure 3.4a) will be discussed in detail. All further POM-

SH surfactants, which were used for investigations discussed in chapter 3, were 

characterized in the same way while the corresponding data is shown in chapter 6 – 

(XXXIII – LXXXIV).   A first proof for a correct synthesis of the bola-architecture molecule 

is obtained by NMR spectroscopy (figure 3.4). The organic chains show numerous signals 

in 1H-NMR spectra (cf. figure 3.4b). While the presence of the thiol group is proven by the 

quartet (~2.4 ppm) in agreement with the bare chain, the methylene groups of the alkyl 

chains generate multiple indistinguishable signals between 1.6 and 1.2 ppm. Only the triplet 

at ~0.6 ppm corresponding to the methylene group at the α-end of the chain is significantly 

 

Figure 3.4: NMR characterization of the chain of the synthesized bolaamphiphiles, shown exemplarily for  

Si-C10-SH, by 1H-, 13C-, and 29Si-NMR spectroscopy. 

(a) Proposed molecular structure of the surfactant (optimized by DFT calculations) showing NMR active nuclei. 

(b) Signals caused by protons of the surfactant prove a successful attachment of the thiol-alkyl chain. 1H-NMR: 

(400 MHz, DMSO-d6) δ (ppm) = 2.47 (q, 4H, CH2SH); 1.58-1.22 (m, 32H, alkyl chain); 0.65 (t, 4H, CH2Si(O-

cluster)3). (c) Signals caused by the carbon atoms of the chain (34.79-23.72 ppm) and the methylene unit next 

to the POM cluster (13.61 ppm) prove a thiol-alkyl modified POM hybrid. (d) Signals caused by silicon atoms 

linking both chains with the POM cluster (-52.22 ppm) and the central silicon atom inside the cluster (-85.12 

ppm). 
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shifted out of the region of the other ones. Additionally, the correct structure of the chains is 

proven by the 13C-NMR spectrum, shown in figure 3.4c. While the methylene groups next 

to the silicon bridge are equally shifted to lower ppm values (~13.6 ppm), all further carbon 

atoms of the chains can be observed in a range of 24-35 ppm. 1H- and 13C-spectroscopy can 

also be utilized as a proof of a successful ion exchange chromatography. While TMA ions 

produce a strong signal (1H = 3.1 ppm and 13C = 65 ppm), sodium ions do not contribute an 

additional signal. Consequently, a complete absence of the TMA counter ion signals is 

desirable. Additional proof for the correct assignment of the molecular architecture of the 

POM-SH bolaamphiphiles is acquired by further hetero-NMR measurements. By obtaining 

spectra characteristic for the used heteroatoms (silicon, boron, or phosphorus) of a Keggin 

cluster, the molecular structure of the bolaamphiphiles can be confirmed. This way, most of 

the surfactants synthesized during this thesis could be shown to contain a Keggin cluster 

(EW11O39 with E = P, Si, B). A first example is the silicon atom occupying the central 

position of the SiW11O39-cluster. It can be detected at -85.1 ppm by 29Si-NMR spectroscopy 

(cf. figure 3.4d). This signal is explicitly shifted to very low values, due to the high electron-

demand of the numerous oxygen atoms of the cluster. This effect can also be found in the 

analysis of other clusters, e.g. the phosphorus-based ones. Consequently, the 

PW11O39-cluster shows a signal at -14.4 ppm (cf. figure 3.5b). Only the boron-based Keggin 

clusters demonstrate a smaller shift (compared to reference boric acid) to positive ppm-

values (cf. figure 3.5c, 1.2 ppm). All these signals are perfectly consistent with data in the 

literature.[213] Only, the germanium-based cluster is more challenging, due to the very low 

NMR-activity of germanium. 73Ge exhibits a spin of 9/2 and a natural abundance of just 7.73 

%, so NMR measurements resulted in very low intensities and severe peak broadening.[214] 

Additionally, the relaxation decay time of the heteroatom increases strongly when 

incorporated into a Keggin cluster. Consequently, NMR characterization of the germanium-

based Keggin clusters was omitted. Finally, tungsten atoms are also sensitive to NMR 

spectroscopy. Even though 183W-NMR spectroscopy is very challenging due to the low 

sensitivity, 183W-NMR spectra could be obtained. An example is shown for Si-C10-SH in 

figure 3.5d. Analogous to the silicon or phosphorus atoms discussed before, all tungsten 

atoms demonstrate a significant shift to very low ppm-values. Moreover, due to the C2-

symmetry of the resulting surfactant, all tungsten signals except for one (W11 = -113.53) 

show a doubled intensity. This can be explained by the fact that all other tungsten atoms 

apart of W11 comes as pairs of chemically and magnetically equivalent tungsten nuclei, 
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which is a unique tungsten atom building the tip of the cluster. All signals observed for the 

Keggin cluster of the compound by 183W-NMR match with data in the literature.[97, 215] 

So far, no evidence about a successful attachment of the thiols to the Keggin cluster was 

demonstrated, as a physical mixture of the two compounds would not be distinguishable 

from a POM-SH surfactant by NMR-spectroscopy. Therefore, a proof for a molecular 

connection of both parts is desirable. A first hint for such a linkage, is illustrated by the 29Si-

NMR spectra discussed before (figure 3.4d). Beside the signal assigned to the POM cluster, 

an additional signal with a doubled intensity (~ -52.2 ppm) was detected. This is caused by 

two silicon atoms bridging the alkyl chains and the cluster (cf. figure 3.4a). Further evidence 

is obtained by electrospray ionization mass spectrometry (ESI-MS) measurements. An 

 

Figure 3.5: NMR characterization of the cluster of the synthesized bolaamphiphiles, showed by E-C10-SH (E = 

B, P, Si):  

(a) Proposed molecular structure of the surfactants – illustrated by the SiW11O39 based compound - showing 

NMR active nuclei. (b) Signal of the phosphorus atom inside the Keggin cluster. 31P-NMR: (162 MHz, DMSO-

d6) δ (ppm) = -14.39 (P-C10-SH). (c) Signal of the boron atom inside the Keggin cluster. 11B-NMR: (128 MHz, 

DMSO-d6) δ (ppm) = 1.24 (BW11-C10-SH). (d) Signals caused by the tungsten atoms of the Keggin cluster. 183W-

NMR: (25 MHz, CD3CN) δ (ppm) = -254.53 (W2&3); -175.53 (W4&9); -128.85 (W5&8); -113.53 (W11); -110.50 

(W10&12); -106.21 (W6&7), -93.66 (SiW12O40). 
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example for the characterization by ESI-MS is exemplarily shown for compound Si-C10-SH 

in figure 3.6. Due to the high charge of the POM-surfactants, intense signals for double (cf. 

figure 3.6c) and even triply (cf. figure 3.6d) times negatively charged molecule ions are 

found. These signals can be assigned to the entire molecule including a sodium ion or/and a 

proton as a counter ion. The unique mass to charge ratios of these peaks are a first proof 

taken by ESI-MS for the successful synthesis of the POM-SH bolaamphiphile.  

An even more reliable information results from the isotopic pattern of the signals. As 

tungsten has 5 natural occurring isotopes, the resulting isotopic pattern can be analysed to 

obtain reliable information. Consequently, by measuring a large number of molecules during 

an ESI-MS measurement, a Gaussian shaped peak must result. Thereby, the experimental 

Figure 3.6:  Characterization of Si-C10-SH by ESI-MS (black = measured data, blue = simulated spectrum): 

(a) Proposed molecular structure of the surfactants showing a characterization of the complete molecule by 

ESI-MS. (b) Full spectra of an ESI-MS measurement showing three main peaks for the double (1568.72 (M4-+ 

Na+ + H+)) and triply (1031.51 (M4- + H+), 1038.48 (M4- + Na+)) negative charged ions. (c) Enlargement of (b), 

showing the double negative charged species including a H+- and a Na+-counter ion (m/z = 1568.72 (M4-+ Na+ 

+ H+)). (d) Enlargement of (b), showing the triply negative charged species including a H+- or a Na+-counter 

ion (m/z = 1031.51 (M4- + H+), 1038.48 (M4- + Na+)). 
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isotopic mass distribution (black graphs in figure 3.6) perfectly fits with respect to their 

intensities and mass to charge ratios simulated by the author (blue graphs in figure 3.6).  

Moreover, no further peaks, assignable to side products or reagents are observed. 

Consequently, a successful synthesis of the POM-SH surfactants can be proven by ESI-MS, 

too. A further possibility to prove the exact structure of the desired POM-SH surfactants is 

attenuated total reflection infra-red (ATR-IR) spectroscopy. Hereby, the alkyl chains, the 

silicon-linkage and the cluster can be observed (cf. figure 3.7b). First, the C-H stretching 

vibrations, which are characteristic for methylene groups, are found at ~2920 and ~2850 

cm-1. As anticipated, these vibrations show a notable decrease in intensity for shorten chain 

lengths (cf. figure 3.7c). This way, a semi-quantitative proof of the lengths of the alkyl 

chains can be obtained. Additionally, the silicon-based linkage of the cluster and both chains 

can be observed by ATR-IR spectroscopy. Since a homogenous mixture of a lacunar POM 

 

Figure 3.7: Characterization of Si-Cx-SH (X = 6-10) surfactants by ATR-IR spectroscopy (black = SiW11O39 cluster 

as a reference, blue = measured data): 

(a) Proposed molecular structure of surfactants showing the possibility of a complete characterization by IR 

spectroscopy. (b) Full IR spectrum of Si-C10-SH showing characteristic vibrations for the alkyl chains (ν = 2923 

(HC-H), 2851 (HC-H)), the keggin cluster (ν = 899 - 691 (W-O-W)) and the Si-O-Si linkage (ν = 1036 (Si-O)) of 

both parts. (c) Characteristic decrease of the C-H-vibrations by shortening of the alkyl chain (ν = 2923 (HC-H), 

2851 (HC-H)). (d) Enlargement of the characteristic vibrations of the keggin cluster (ν = 1036 (Si-O) - 691 (W-

O-W)). 
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cluster and an alkyl-based thiol would show identical signals, the Si-O-Si vibration is an 

important proof for a successful synthesis of the surfactants. Indeed, the Si-O-Si vibration 

of the linked chains at ~1040 cm-1
 can be observed (cf. figure 3.7d). Consequently, a linkage 

of the thiol and the cluster by a silicon bridge is highly probable. As a further hint for the 

correct structure, numerous vibrations of the Keggin cluster can be found. These are caused 

by different symmetrical and anti-symmetrical stretching and wagging vibrations of the 

tungsten-oxygen bonds (cf. figure 3.7d).  

In summary, a molecular characterisation meeting all scientific standards could be realized 

for all POM-SH bolaform surfactants synthesised during this Ph.D. project (cf. figure 3.8). 

While NMR measurements were used for analysing the organic chains and the correct 

structure of the Keggin clusters, ESI-MS and IR measurements show that the desired 

molecular architecture was successfully obtained. The surfactants [EW11O39-Si2O-

(CxH2xSH)2] used during the following chapters vary in the chain lengths of the alkyl spacers 

from 4 up to 10 methylene units (x = 4-10) and by the central heteroatom of the Keggin 

cluster (E = P, Ge, Si, B). A complete characterization – in analogy to this chapter – is 

provided in chapter 6 – Molecular Characterization for all compounds. During the next 

chapter the physical properties of these substances will be investigated.  

 

Scheme 3.8: Schematic view of the combination of analytic techniques used to fully characterized POM-SH 

bolaamphiphiles synthesized for this thesis. 
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3.1.2: Behaviour of EW11O39-Alkyl-SH surfactants in aqueous solutions 

 

The next part of this work focuses the physical properties of the POM-SH compounds. After 

the successful synthesis of the targeted polyoxometalate-based hybrids, their surfactant-like 

architecture suggests a strong amphiphilicity. Since POM surfactants are promising 

candidates for many applications (i.e. as 

nanoreactors[46] or drug-delivery 

systems[216]),[217] these surfactant properties 

(surface activity, formation of self-assembled 

aggregates, etc.) are investigated.  

Obviously, the main factor for all these 

applications is the formation of self-assembled 

structures. A brief example is demonstrated by 

drug-delivery systems, in which both the shape 

and stability of the used self-assembled 

structures is essential for a successful transfer 

of a drug. The aggregate, which acts as a 

carrier, must be sufficiently large and stable for 

the transport and be able to release the drug at 

the location of interest.[39-40] The structures 

formed by a surfactant basically depend on 

three parameters: The volume of the 

hydrophobic chain and the area and charge of 

the hydrophilic head group. These parameters 

are illustrated in figure 3.9a, showing two 

hydrophobic alkyl chains, two thiol groups and 

a POM head group (both hydrophilic) by an 

electrostatic potential map (calculated by DFT 

optimizations). By varying these parameters – using different alkyl chain lengths ((CH2)x, x 

= 4-10)) as hydrophobic tails and different types of clusters ([EW11O39-Surfs]y- with E = B, 

Si, Ge, P and y = 3-5) as head groups (shown in figure 3.9b) – a great diversity of self-

assembled aggregates should be available. An additional functional feature, which will also 

 

Figure 3.9: Variation of the POM-head group: 

(a) Investigations regarding the surfactant-based 

properties (i.e. surface tension) and stability in 

aqueous solution, by varying the keggin cluster 

(EW11O39) or the alkyl chains. (b) By replacing the 

silicon atom by boron (1) or phosphorus (2) the 

charge of the head group change, while germanium 

(3) just change the allocation of charges. All data 

shown during the results and discussion part will be 

tuned to the colour code (B, Si, Ge & P) introduced 

in figure 3.9b. 
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influence the formation of self-assembled structures, is introduced by the thiol groups at the 

ω-end of the surfactant. 

 

Figure 3.10: Self-assembly of Si-C4-10-SH surfactants: 

(a) Sketch illustrating surfactant properties (surface tension, self-assembled aggregates, e.g. double-layered 

vesicles) which are investigated in this chapter. (b) Concentration dependency of DLS and surface tension 

(ST) measurements of Si-C10-SH showing surface activity (ST = ~48 mN/m and dH = 300-500 nm). (c) TEM 

micrograph of a dried aggregate of Si-C10-SH (c = 0.5 µmol/mL, d = ~300 nm, scale bar = 300 nm) and W-Lα 

EDX line scan (blue). (d) DLS and ST measurements of saturated solutions of Si-C4-10-SH showing a higher 

surfactant character for longer alkyl chains. (e) TEM micrograph of a dried aggregate of Si-C5-SH (c = 0.5 

µmol/mL, d = ~30 nm, scalebar = 50 nm).  
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Due to their hydrophilic character and possible interactions with other functional groups, the 

thiol groups can completely change the properties of the surfactant in solution. 

Consequently, numerous self-assembled structures are feasible (cf. figure 3.10a), resulting 

in the main question discussed in this of the present: Which are the main factors determining 

the properties of POM-SH bolaamphiphiles in aqueous solutions and which effects result 

from them? By using the silicon-based POM-SH bolaamphiphiles as starting system ([Si-C4-

10-SH]4-), the behaviour of these type of hybrids in aqueous solutions can be demonstrated. 

Due to their large, quadruply negatively charged and therefore highly hydrophilic POM head 

group, a long hydrophobic alkyl chain seems to be necessary for introducing significant 

amphiphilic properties. As an example, the compound Si-C10-SH (shown in figure 3.10b) is 

discussed first. By measuring the concentration-dependent surface tension via pendant drop 

tensiometry, a significant surface activity could be verified. Due to its good water solubility, 

high concentrations of the surfactant of up to 40 g/L (12.7 mmol/L) can be achieved. 

Thereby, the surface tension of the aqueous solution drops from 72 mN/m (value of pure 

water) to ~48 mN/m. This loss in surface tension is even higher in comparison to literature, 

e.g. SDS – a often used reference – shows a saturated surface by using 2.5 g/L (8.7 mmol/L 

result in a surface tension of 32 mN/m).[218] Consequently, a very good solubility of 

Si-C10-SH can be noticed. Moreover, the formation of a surface-active layer by the 

compound at the air-water-interface was proven as well. This is a clear evidence for the 

capability of Si-C10-SH to act as an amphiphile. As expected, by lowering the concentration 

of the compound, the effect of decreasing surface tension significantly decreases either. 

Concentrations of up to 0.8 mmol/L essentially shows no effect on surface tension compared 

to bare water. Due to this fact, a formation of an interfacial layer for concentrations lower 

than ~1 mmol/L is not expected. An interesting fact in this context is illustrated by the data 

of the dynamic light scattering (DLS). At the same “low” and even lower concentrations, 

large aggregates are already detectable. The latter show a hydrodynamic diameter in the 

range of 300-500 nm at different concentrations. Moreover, these structures are found at 

concentrations as low as 10 µmol/L. This fact is remarkable, since surfactants usually prefer 

to form interfaces instead of aggregates due to entropic reasons.  Therefore, aggregates 

normally occur exclusively above the critical micelle concentration (cmc). A first possible 

hypothesis explaining the formulation of aggregates at such low concentrations, would be a 

disulphide-bridging of the POM-SH surfactants (i.e. by an oxidation). Since NMR 

measurements (discussed below) have shown that the thiol functionality is stable in aqueous 

solutions under ambient conditions, this opinion was excluded. A further hypothesis to 
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explain this behaviour as well as, is discussed next. So, the DLS results would be based on 

interactions between the large polyoxometalate head group and the thiol groups. Since 

classical POM surfactants prefer to form interfaces,[213] this change in behaviour must be 

rooted in the thiol groups. For the investigated POM-SH bolaamphiphiles the critical 

aggregate concentration (cac) is two orders of magnitude lower than the cmc. Therefore, 

these structures must be highly favoured by the compound. This fact was further supported 

by transmission electron microscopy (TEM) micrographs, exemplarily shown in 

figure 3.10c. Even if larger aggregates can be formed by drying effects – the aqueous 

surfactant solution must be dried on a carbon grid for transmission electron microscopy – 

TEM micrographs fit well with the observation in solution. The observed aggregates show 

an identical size, fitting the range of the DLS measurements (~ 300 nm) perfectly.  

Consequently, we can summarize that Si-C10-SH show surfactant like properties, e.g. a 

lowered surface tension, huge aggregates and a very low cac (~10 pM) – two orders of 

magnitude below the cmc – in aqueous solutions. Moreover, a high solubility in water and 

the preference to form aggregates in solution can be noticed. For confirming a thiol-based 

effect in this context, further experiments (i.e. using neutron-scattering) will be necessary. 

For a further investigation of the amphiphilic properties in solution, the length of the 

hydrophobic alkyl chains was varied. For shorter alkyl chains, a decrease in amphiphilicity 

is expected. By comparing the silicon-based POM surfactants with different chain lengths, 

this trend is well observable (cf. figure 3.10d). While saturated solutions of Si-C10-SH show 

a decrease in surface tension down to ~48 mN/m, Si-C5-8-SH decrease this value to ~52 

mN/m. The compound Si-C4-SH with the shortest chain hardly shows any surface activity 

(~69 mN/m compared to 72 mN/m for pure water). This fact can be explained by the 

shortening of the hydrophobic part, since shorter chains increase the hydrophilicity of the 

surfactant. Therefore, dissolved monomers or self-assembled aggregates are preferred as 

opposed to the formation of an air-water interface. Additionally, the aggregates become 

significantly smaller on shortening slightly the hydrophobic chains. While Si-C6-8-SH show 

aggregates with a hydrodynamic diameter larger than 100 nm, Si-C4-5-SH exhibit smaller 

structures down to ~60 nm in diameter. These aggregates are definitely too large for micellar 

structures, when compared to literature.[18, 217] Since classical micelles only generate a very 

small hydrophobic area in the centre of the formed structure by stacking their chains, a 

hydrodynamic diameter of 5-10 nm would be expected for POM-SH surfactants showing a 

length between 2-3 nm (micelles illustrated in figure 3.10a). Micelles at this size range were 
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reported for similar alkyl-based POM-surfactants (EW11O39-Si2O-(C16H33)2) by Klaiber et 

al. in 2016.[213] Therefore, vesicular structures, consisting of a hydrophilic part in the centre 

and a surfactant layer, are more likely formed. In vesicles surfactants can form mono-, 

double-, or even multi-layered aggregates (cf. figure 3.10a). In bi- or multi-layered 

structures, both hydrophilic head groups – the thiol and the POM – can interact with each 

other. For example, a mono-layered vesicle will result in an interaction of both polar head 

groups (POM and thiol) with water molecules while the chains are shielded and only interact 

with each other. Additionally, thiol groups can interact with each other and water molecules 

by favourable hydrogen bonds. In contrast, a double-layered vesicle allows interactions 

between a POM and a thiol head by surfactants showing an alternating orientation, instead 

of the thiol-thiol and thiol-water interactions mentioned before. A multi-layered vesicle 

would combine several of these layers as a shell, surrounding a water sphere. As shown in 

figure 3.10d, most of the silicon-based POM-SH bolaform compounds (Si-C5-8-SH), are 

surface active. Only the compound Si-C4-SH is less surface active (69 mN/m), since the very 

short chains suppress the formation of a layer at the air-water interface. Moreover, all 

surfactants (even Si-C4-SH) show self-assembled structures in a range of 60 to 600 nm in 

hydrodynamic diameter and a cac between 0.01 – 0.1 mmol/L. Since these structures are 

also successful observed by TEM micrographs for all silicon-based compounds (exemplarily 

demonstrated by a very small aggregate of Si-C5-SH in figure 3.10e), these aggregates must 

be based on the POM-SH bolaform architecture. Finally, these larger structures are in 

agreement with the findings for POM bolaamphiphiles reported in the literature,[34] and more 

favourable for surfactants showing a bolaform-architecture. This makes the hypothesis of a 

vesicular structure based on a double-layered POM-SH shell even more probable. A further 

approach to test this hypothesis is represented by a variation of the POM cluster. Since the 

kind of self-assembled structures highly depend on the charge of the hydrophilic head groups 

(cf. chapter 1.1), clusters showing higher charges (i.e. BW11-surfactants with a charge of 5-

) are expected to form even larger aggregates, while the basic structure remains unchanged. 

In contrast, germanium-based surfactants should only differ by the degree of 

electronegativity, but not by the overall charge or size of the clusters (cf. figure 3.9b). 

Therefore, largely identical surface activity and self-assembly properties are expected. In a 

second step, the chain lengths of the boron- respectively germanium-based POM-SH 

bolaamphiphiles are varied. This should result analogously in a decrease in surface activity 

and the formation of smaller aggregates by shorter chains.  
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First, the impact of the heteroatom of the cluster on the surfactant properties of the respective 

bolaamphiphiles was investigated. By using germanium- instead of silicon-based Keggin 

clusters, a rather small variation in electronegativity, 1.90 versus 2.01 as per the Pauling 

scale,[219-220] should result in a slightly changed distribution of the charges over the Keggin 

cluster. For proving this effect 29Si-NMR spectroscopy (cf. figure 3.11a) can be used. When 

the organic chains are linked to the POM cluster by condensation of the silane precursor, 

two identical silicon linkage atoms are created (Si-O-Si). These silicon atoms are sensitive 

markers for the electron-demand of the POM clusters, due to their direct linkage. Moreover, 

this way of linkage was used for every surfactant synthesized during this Ph.D. project, so a 

comparison of the electron-demand can be done. The signal caused by the silicon-linkage 

atoms of the silicon-based surfactant (-52.2 ppm) in 29Si-NMR spectra is shifted up-field 

 

Figure 3.11: Impact of changing the heteroatom of the Keggin cluster to the surfactant properties.  

(a) 29Si-NMR spectra show the shift of the Si-O-Si bridge for different POM head groups (E = BW11 (-49.6ppm), 

SiW11 (-52.2 ppm), GeW11 (-54.1 ppm)). (b) Si-C7-SH shows a significant decrease in surface tension (52 mN/m) 

and large self-assembled aggregates (dh ~230 nm) for highly concentrated aqueous solutions. (c) Ge-C7-SH 

shows a significant decrease in surface tension (53 mN/m) and large self-assembled aggregates (dh ~250 nm) 

for highly concentrated aqueous solutions. (d) B-C7-SH shows a smaller decrease in surface tension (60 mN/m) 

and larger self-assembled aggregates (dh ~400 nm) for highly concentrated aqueous solutions. 
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compared to tetramethylsilane (TMS = Si(CH3)4) as a reference due to the electron demand 

of the POM cluster. By using the silicon-based Keggin cluster as a reference, the signal for 

germanium-based surfactants shifts to lower δ-values (-54.1 ppm). This shift shows a higher 

electron demand of the germanium-based cluster compared with the silicon-based one. 

Consequently, a germanium-based surfactant should exhibit a stronger and more uniform in 

charge-distribution, while the total charge stays the same. Expectedly, the changes in 

electronic structure influence the surface activities of the surfactants in aqueous solution. To 

investigate these cluster-based effects, Si-C7-SH and Ge-C7-SH (shown in figure 3.11b & 

3.11c) were chosen, since a medium chain length is preferable to exclude strong chain length 

effects. Minor differences in forming self-assembled aggregates or layers at the air-water 

interfaces can be noticed. Both surfactants show a moderate surface activity of ~52-53 mN/m 

in saturated solutions. Moreover, aggregates with similar hydrodynamic radii larger than 200 

nm for very high concentrations can be observed in DLS measurements. These structures 

show a constant decrease in diameter with decreasing concentration of the surfactant. A first 

difference in behaviour is shown by a changed surface activity for the germanium-based 

compound. While the silicon-based surfactant show a slightly lowered surface tension at 0.5 

mmol/L (70 mN/m), Ge-C7-SH is not surface active at concentrations lower than 2 mmol/L. 

Consequently, the formation of a layer at the air-water interface is even more suppressed for 

the germanium-based surfactant, due to the changed hydrophilicity of the cluster. This result 

also fits very well to the size of the resulting vesicles, measured via DLS. Both surfactants 

form aggregates in a range of ~25-250 nm (Si-C7-SH: dH = 25 – 200 nm, Ge-C7-SH dH = 50 

– 250 nm). Even if slight changes in size – due to the changed charge distribution of the 

cluster – are observable, the main structure of the aggregates stays the same. In conclusion, 

a slightly increased hydrophilicity, resulting in a decreased interfacial activity, of the 

germanium-based compounds compared with the silicon-based ones can be noticed. 

Consequently, an isovalent change of the heteroatom without any changes in the total charge 

of the cluster has only minor effects on the surfactant properties. By changing the central 

hetero atom from silicon to boron, the head group charge increases from 4- up to 5- due to 

the reduced number of valence electrons (cf. figure 3.9b). Due to a higher electrostatic 

repulsion between the POM heads, this increase has to result in larger structures. Even if the 

boron-based surfactants show a reduced electron-demand, the higher total charge overrule 

this effect. So, the signal observed by 29Si-NMR spectroscopy for the silicon atoms linking 

chains and cluster, shifts low-field (cf. figure 3.11a; δB = -49.6 ppm compared to δSi = -52.2 

ppm). This fact refers to a lower electron-demand, as postulated before. In contrast, the 
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resulting boron-based compounds show a higher hydrophilicity compared to the Ge- & Si- 

analogues. By comparing aqueous solutions of B-C7-SH (cf. figure 3.11d) to the surfactants 

mentioned before, a significantly decreased surface activity is detected. Hence, B-C7-SH is 

only weakly surface active, showing a surface tension of 62 mN/m (c = 16 mmol/L), 

compared to a value of 52 mN/m (Si/Ge-C7-SH). Moreover, the size of the observed self-

assembled structures double, resulting in aggregates of 80-400 nm in hydrodynamic 

diameter. Finally, a saturated solution is reached at a concentration of 25 instead of 16 

mmol/L. These results can be explained by the high charge of the boron-based surfactant. 

Since higher charges increase the hydrophilicity of the surfactant, the solubility of the 

compound increase either. Moreover, the dissolved molecules avoid the formation of an air-

water-interface, due to the unfavourable interactions. The strongly increased repulsive 

Coulomb interactions between the POM head groups prevent a closer packing of the 

surfactant molecules at the air-water interface. 

Consequently, only a small 

number of surfactant 

molecules is observed at the 

interface, resulting in a 

decreased loss of surface 

tension. Moreover, the size 

of formed aggregates 

increased by the strongly 

repulsive Coulomb forces of 

the POM heads. This fact is 

additionally supported by the 

behaviour of B-C10-SH in 

aqueous solutions (cf. figure 

3.12). Due to the increased 

chain lengths the surface activity rises. Consequently, a minimal surface tension of 56 mN/m 

of a 25 mmol/L concentrated solution can be detected. Moreover, the size of the aggregates 

strongly increases to 2500 nm in diameter. Since double-layered vesicles are expected to 

grow strongly in size by using higher charged heads due to the additional repulsion at the 

inner sphere, the observation of aggregates of such large size confirm the hypothesis of that 

type of vesicles. 

 

Figure 3.12: Surfactant properties of B-C10-SH: 

A high loss in surface tension (56mN/m) and large aggregates (dH 

~2500 nm) show a high surface activity for B-C10-SH. 
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Let us shortly summarize up all these facts about the behaviour of bolaform architecture in 

aqueous solutions. All synthesized compounds ([EW11O39-Si2O-(C4-10H8-20-SH)2]; E = Si, 

Ge, B) are surface active at the air-water-interface at higher concentration of aqueous 

solutions. For alkyl chains longer than four methylene units, low surface tension values down 

to 48 mN/m can be reached. Moreover, the surfactants prefer the formation of large – 

probably vesicular – structures in a size range of up to several hundred nanometres, as 

opposed to the formation of a layer at the air-water-interface. By exchanging the central 

atom of the POM head group from silicon and germanium to boron the surface activity is 

decreased, while the hydrodynamic diameter of the self-assembled aggregates gets larger. 

All these results provide first evidence that highly hydrophilic, probably double-layered, 

vesicular structures are formed.  

In order to fully confirm the presence of such kind of aggregates, additional experiments 

were performed. During the last part, a favoured formation of self-assembled aggregates, as 

opposed to a formation of densely packed molecules at the air-water-interface was noticed. 

This fact is indicative of the possibility of favourable or stronger interactions in the 

aggregates, sticking the surfactants together. In the following, these interactions are 

investigated using the silicon-based surfactants as test systems. During a temperature 

dependent DLS measurement, an aqueous solution of the surfactant is heated to 80 °C (red 

graph), starting at room temperature (shown in figure 3.13). Afterwards, the solution is 

cooled back to 20 °C (blue graph) after reaching the maximum, while measuring the 

hydrodynamic diameter by DLS in steps of 10 °C. All surfactants (Si-C4-10-SH, data shown 

in chapter 6 – (LXXXV - XCII)) show a high stability of the formed self-assembled 

aggregates. Exemplarily Si-C4-SH and Si-C10-SH are shown in figure 3.13b & 3.13c. Both 

surfactants show highly temperature stable aggregates over the full range of 20 °C to 80 °C. 

Since the formation of aggregates at high temperatures should theoretically be favoured for 

smaller ones, the decreasing size of the observed structures from 150 nm in diameter to 75 

nm for Si-C4-SH meet the expectation (cf. figure 3.13b). This decrease in diameter can be 

explained by an enhanced motion of the surfactants, based on the direct correlation between 

temperature and entropy.[221] Since the formation of a micelle out of monomers is associated 

with an increase in order for the system, the self-assembly process of larger aggregates is 

hindered at high temperatures. Consequently, a smaller number of monomers forced in an 

ordered micelle is less hindered than a higher one, since the molecules are less restricted in 

their degrees of freedom. Nevertheless, stable aggregates are also formed at high 
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temperatures. By having a closer look on the self-assembly behaviour of Si-C10-SH 

illustrated in figure 3.13c, these structures can further be investigated. Si-C10-SH show 

aggregates in a range of 200 – 400 nm in diameter for all investigated temperatures. These 

structures are perfectly stable, and no decrease in diameter at higher temperatures is 

observable. Therefore, very strong interactions, which stabilize the surfactant molecules in 

the self-assembled aggregates can be inferred. These attractive interactions counter the 

repulsive Coulomb interactions between the POM heads and prevent their disassembly into 

smaller aggregates, which would be entropically favourable. These interactions are probably 

based on POM-thiol interactions.  

Insights into the kind of interactions can be achieved by cyclic voltammetry (CV) 

experiments. The result of these measurements is illustrated by the compounds Si-C5, 6 and 

 

Figure 3.13: Temperature dependent DLS measurements of silicon-based bolaamphiphiles: 

(a) Sketch showing the reformation of self-assembled structures by heating. (b) Si-C4-SH shows a slight 

decrease in aggregate size from 150 nm to 75 nm by heating (red) and identical sizes during the cooling (blue). 

(c) Si-C10-SH shows no changes in aggregate size (dH = 200-400nm) while heated up (red) or cooled down 

(blue). 



53                                                                                                  3.1: Synthesis, Self-assembly and Stability                                                                                 

 

10-SH, shown in figure 3.14. Polyoxometalate-based surfactants are well-known for their 

reversible electron-transfer properties.[222] Due to the high number of tungsten atoms – 

building the Keggin cluster (EW11O39) – numerous centres for reduction processes are 

available. Since all tungsten atoms are completely oxidized (oxidation number = +VI), no 

further oxidation can occur.  

Theses reduction processes are well reported in the literature, as shown for the electron 

transfer of Keggin-cluster-based alkyl surfactants (PW11O39-Si2O-(C16H33)2 = P-C16) in a 

publication of Alexander Klaiber.[223] These two reversible electron-transfer processes (= 

 

Figure 3.14: Cyclic voltammetry (CV) measurements performed with POM-SH amphiphiles: The results can be 

explained by a backflip of the alkyl chain caused by the interaction of the thiol group and the POM cluster. 

(a) CV of Si-C5-SH (scan rate: 100 mVs-1; further experimental data noticed in chapter 6 – II), showing 4 maxima 

at -1145 mV, -1275 mV, -1630 mV & -1790 mV. (b) Measured Square-Wave-data of Si-C5-SH illustrate the 

splitting of the maxima in two separate maxima (integrated values: red 30%, green 70%). (c) The splitting of 

one maximum into two decreases when using longer chained surfactants (cyan = Si-C5-SH (30:70), lighter blue 

= Si-C6-SH (10:90) & darker blue = Si-C10-SH (0:100). (d) Sketch illustrating the backflipping of the alkyl chain 

by a thiol-POM interaction for short chained surfactants in contrast to longer ones. 
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maxima) are additionally observable in reference measurements, done by our group during 

Marian Jaschkes Master thesis. Thereby, a Keggin-cluster-based aromatic surfactant 

(illustrated P-DPE-TIPS additionally illustrated in Figure 3.15a) showed identical cluster-

based reduction processes with two pair of waves, which are partially resolved into two 

close-lying redox events (data shown in chapter 6 – (CIII - CXLIII)). Since, the potential 

of the reduction and oxidation (redox) processes depend on numerous parameters, CV 

investigations of the synthesized POM-SH bolaamphiphiles were performed. Thereby, two 

main issues were addressed. First, is the redox process of the surfactant directly affected by 

the thiol group, e.g. by an oxidation of the thiol group. Furthermore, if this is not the case, is 

an indirect influence observable, allowing conclusions about interactions in solution.  

 

 

Consequently, a CV measurement of Si-C5-SH in dimethyl sulfoxide (DMSO) was 

performed (cf. figure 3.14a). DMSO was chosen as an appropriate solvent, due to its aprotic-

polar character. Therefore, a high solubility for POM-SH surfactants is expected, which the 

self-assembly of individual molecules to larger aggregates should be diminished. 

Consequently, a DLS experiment looking for bolaamphiphile aggregates in a DMSO 

solution result in no utilisable data. Since self-assembled structures additionally can affect 

the behaviour of redox active surfactants, an experiment in DMSO performed with 

monomers fits perfectly for an experiment aiming the basic properties of the compound.[224-

Table 3.1: Electrochemical data of Si-C5-SH (solvent: dimethyl sulfoxide (DMSO), concentration: 5mg/mL). 

A splitting of the maxima compared to the maxima reported in literature[223] can be observed. Very low 

EP-values let assume a multi-electron transfer process.    

ν 

[mVs-1] 

E4-/5- 

[mV] 

ΔEp 

[mV] 

E4-/5- 

[mV] 

ΔEp 

[mV] 

E5-/6- 

[mV] 

ΔEp 

[mV] 

E5-/6- 

[mV] 

ΔEp 

[mV] 

25 -1140 40 -1270 60 -1630 65 -1780 35 

50 -1140 40 -1275 60 -1635 70 -1785 35 

100 -1145 50 -1275 65 -1635 85 -1790 45 

200 -1140 50 -1275 70 -1635 85 -1795 45 

400 -1145 50 -1280 70 -1640 85 -1800 55 

600 -1145 55 -1280 80 -1640 95 -1810 65 

1000 -1140 65 -1270 90 -1635 105 -1800 70 

1500 -1130 65 -1260 95 -1625 110 -1795 85 

2000 -1130 75 -1265 105 -1630 120 -1800 95 
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225] The measurements demonstrate classical behaviour of a polyoxometalate-hybrid. 

Thereby, two reversible reduction processes at potentials of -1200 mV and -1700 mV are 

observed, matching with two times of reduction and reoxidation of the POM cluster. 

Moreover, no further maxima are noticed, proving the stability of the thiol during the redox 

processes. Additionally, both maxima show very low ΔEP-values (cf. table 3.1) of ~50 mV. 

These are noticeable, since low ΔEP-values are a well-known hint for multi-electron transfer 

processes, which are characteristic for POM clusters. Beside of this POM surfactant-

characteristic behaviour, some changes are noticed. In contrast to the CV data mentioned 

before (e.g. P-DPE-TIPS), a splitting of both reversible reduction waves, resulting in 4 

maxima was observable for Si-C5-SH. By my knowledge, this fact is unique amongst all 

classical architecture POM-hybrids reported in the literature. The ratio of peak currents for 

the first composite waves was calculated by integrating a square-wave (SW) measurement 

of Si-C5-SH (cf. figure 3.14b), resulting in a splitting of 30% (first maximum, red) to 70% 

(second maximum, green). Further CV measurements, performed on Si-C6-SH and Si-C10-

SH (shown in chapter 6 – (CIII – CXLIII)), confirm this effect for longer chains, too. By 

further SW measurements, shown in figure 3.14c, the effect could also be quantified for 

longer chains. While, Si-C6-SH shows a splitting of the first maximum into a first 

sub-maximum (-1135 mV & 10%) and a second one (-1275 mV & 90%), Si-C10-SH shows 

only a broadening of the maximum. By performing CV experiments for further 

bolaamphiphiles (cf. chapter 6 – (CIII – CXLIII)), splitting of individual waves into two 

closely spaced processes was also observed for germanium-, phosphorus- and boron-based 

POM-SH surfactants. Therefore, this effect can be traced back to the bolaform architecture. 

This effect fits perfectly to the results discussed before, suggesting a strong POM-thiol 

interaction. Since the effect bases on a polyoxometalate-thiol bola-architecture, the presence 

of two different head groups must play a decisive role. Second, the effect decreases with 

increasing chain length. By performing further CV experiments at different scan rates (cf. 

chapter 6 – (CIII – CXLIII)), a decrease of the integrated area of the first sub-maximum 

at slower scan rates can be noticed. Therefore, a kinetic effect based on a hindered electron 

transfer from the electrode to the POM surfactants (for reduction processes), seems probable. 

A mechanism explaining all these parameters is a back-flipping of the alkyl chain by a POM-

thiol interaction (cf. figure 3.14d). Since the surfactants are monomers in solution, 

intermolecular interaction is improbable. Therefore, flipping-back the thiol is one possible 

way, forming a thiol-POM interaction. Thereby, the alkyl chains form a “protection-layer” 

shielding the tungsten atoms in the POM head group against reduction. This effect is 
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expected to be hindered by increased chain lengths, since longer chains are more 

complicated in their back-flipping. When a decanethiol chain is bound strongly to the POM 

cluster, a long chain showing numerous degrees of freedom has to be in a fixed confirmation. 

Consequently, the result can be viewed as an evidence for strong interactions of the thiol 

group (ω-end) and the POM (α-end). Therefore, it can be assumed that these interactions are 

a main factor for the formation of highly stable self-assembled aggregates in aqueous 

solutions by intermolecular interactions.  

Thus far it can be concluded that, POM-SH hybrids form layers at the air-water interface in 

aqueous solutions and, hence, reduce the surface tension. Moreover, large aggregates in 

solution are formed. These structures are highly stable up to 80 °C, due to interactions of the 

thiol group and the POM cluster, proved by CV experiments. Thus, the large self-assembled 

aggregates are formed and stabilized by a strong thiol-POM interaction. Consequently, a 

double-layered vesicular structure seems the most likely one for self-assembled aggregates 

of POM-SH bolaamphiphiles in aqueous medium. 
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3.1.3: Stability of EW11O39-Alkyl-SH surfactants in aqueous solutions 

 

In the previous section, the promising properties of POM-SH bolaamphiphiles for formation 

of self-assembled structures in aqueous solutions were demonstrated. Since most of the 

applications of surfactants, e. g. in drug-delivery or catalytic processes, rely on their 

aggregated structures in solution, the following section will focus on their long-time 

stability. To get a deeper insight into the long-time stability of the POM-based surfactants 

(shown in figure 3.15a), the surfactants were investigated by NMR kinetic experiments. 

 

Figure 3.15: NMR kinetic measurements of POM-surfactants: 

(a) DFT calculation optimized structure of all investigated surfactants, showing POM-SH bolaamphiphiles 

(left), classical alkyl POM surfactants (EW11O39-C16H33, middle) and an aromatic POM surfactant (right). (b) 
31P-Kinetic measurement of PW11-C16 in an aqueous solution for 9 days (stable surfactant at δ = -14.39 ppm, 

decomposed surfactant at δ = -13.19 ppm, -13.87 ppm & -15.97 ppm). (c) Integrated data of all 

heteroatom-based kinetics show a decomposition of silicon- and phosphorus-based surfactants (EW11O39 with 

E = P, Si, B and P = violet triangles, Si = blue circles & B = green squares; bolaform surfactants (EW11-C10-SH, 

broken lines, empty symbols); classical architecture surfactants (EW11-C16H33, solid line, filled symbols) & 

aromatic surfactant[226] (black dotted line; half-filled triangles).  
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Most of the central atoms of the used Keggin clusters are NMR active (B, P, Si). 

Consequently, changes in their molecular surroundings should be easily observable. By 

solving 40 mg of the sodium salts of the synthesized POM surfactants in 0.6 mL of deuterium 

oxide (D2O), an aqueous solution (c ~ 20 µmol/mL) of the compounds was prepared. This 

concentration compares well with that at the solutions investigated in chapter 3.1.2 showing 

large self-assembled aggregates in solution. When this solution was filled in a NMR tube, 

hetero-NMR spectra were recorded on a regular base for 3 to 9 days. Thereby, a 

decomposition of POM-SH bolaamphiphiles was observed. For gaining a deeper insight inth 

the behaviour of POM-SH surfactants in aqueous solutions, further investigations – 

including several further POM surfactants as reference substances – were performed. First, 

a phosphorus-based POM surfactant showing a classical architecture (PW11O39-C16H33 = 

P-C16, cf. figure 3.15a), should be discussed. In figure 3.15b a representative 31P-NMR 

kinetic measurement is illustrated, showing the degradation of P-C16 over nine days. Directly 

after dissolving the surfactant in D2O, just a single signal (δ = -14.39 ppm) is observed. This 

one can be assigned to the phosphorus atom in the centre of the Keggin cluster of the 

surfactant. By measuring a NMR spectrum every 24 hours for 9 days, three new peaks (δ = 

-13.19 ppm, -13.87 ppm & -15.97 ppm) can be observed. These peaks are shifted 

significantly compared to the original one. Consequently, a significant change in the cluster 

structure – indicating a reformation or decomposition of the cluster – is indicated. When the 

area of these peaks is calculated by integration, a quantitative analysis of the amounts of all 

species can be determined. So, a relative amount of the intact surfactant, shown in figure 

3.15c, can be calculated for each surfactant by subtraction of the newly formed species from 

the original amount (all kinetics measured for figure 3.15c are additionally shown in 

chapter 6 – (XCIII - CII)). By having a first short look to the shown data, a first relation 

can be noticed. While boron-based surfactants are completely stable for three days, silicon-

based ones significantly decompose to 33%. Moreover, phosphorus-based surfactants are 

even less stable, showing a nearly complete decomposition after three days (74%). 

Consequently, two new questions arise regarding the POM surfactants in aqueous solutions. 

Does the stability of germanium-based surfactants differ from that of silicon-based ones, and 

which type of new species are formed in aqueous solutions?  

Due to the lack of NMR activity, for the germanium-based surfactants (GeW11O39-

surfactant), the kinetic stability tests could only be performed in a semi-quantitative fashion 

conducting periodic ESI-MS measurements after certain times (cf. figure 3.16a). Therefore, 
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an aqueous solution of Ge-C5-SH was measured after 1 hour, 4 hours, etc. By comparing 

these spectra (orange ones) with a spectrum directly recorded after dissolving the compound 

(black), shifted maxima are observed. While signals corresponding to a mass-to-charge ratio 

of 1521.25 and 1535.78 can be assigned to the complete doubly negatively charged 

surfactant, later occurring signals (1471.09 & 1482.70) are caused by a disintegrated 

molecule showing just a single organic chain (GeW11O39-Si2O-C5H10SH). The latter two 

signal differ only in their counter ion, which is strongly bounded to the POM cluster (i.e. 

sodium ions or protons). Due to a total charge of 2-, the molecule including the counter ions 

show a mass difference of ~11 by changing a counter ion. Consequently, the loss of a 

complete chain including its silicon linkage atom (Si-C5H10SH), result in a mass loss of 131, 

respectively 65 in case of a total charge of two (1535.78 – 1471.09 = 64.69).  

 

Figure 3.16: ESI-MS kinetic showing the decomposition process of POM-SH bolaamphiphiles: 

(a) ESI-MS kinetic of Ge-C5-SH (black = directly measured data, orange = spectra after 1 hour, 4 hours, 1 

day/week/month) showing the two-chained molecule (1521.25 & 1535.78) and a one-chained decomposition 

product (1460.10, 1471.09 & 1482.70). (b) ESI-MS kinetic of Si-C5-SH (black = directly measured data, blue = 

spectra after 1 day/week/month) showing the two-chained molecule (1488.16 & 1499.15) and a one-chained 

decomposition product (1448.62, 1459.62)  (c) Sketch showing the formation of a first one-chained 

decomposition product (GeW11O39-SiO-C5H10SH).  
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By measuring the sample after one day a second time, Ge-C5-SH completely disappeared. In 

contrast, the POM clusters with one Si-C5H10SH chain are even detectable after a whole 

month. Therefore, a complete conversion of Ge-C5-SH, resulting in a species showing a 

single chain within one week can be noticed. Analogously, a kinetic measurement of a 

silicon-based compound (Si-C5-SH) was performed (cf. figure 3.16b). The dissolved 

surfactant shows a similar behaviour compared to Ge-C5-SH. By waiting for one month, both 

signals of intact surfactants (only differing by their counter ions: proton (1488.16) and 

sodium (1499.15)) transform to signals fitting to the decomposed compound (H: 1448.62, 

Na: 1459.62). Even if the formed species is structured the same way, the rate of this 

transformation differs. While Ge-C5-SH decomposes within one day significantly, Si-C5-SH 

is even detectable after one month. Therefore, an increased stability for silicon-based 

surfactants compared to germanium-based ones can be noted. Additionally, the observed 

timescale for degradation of Si-C5-SH is in good agreement with the previously discussed 

data from NMR kinetic measurements (cf. figure 3.15c). While the NMR kinetic done for 

Si-C10-SH results in a decomposition of ~25% over three days, the majority of Si-C5-SH 

remains intact after one day. Even if a comparison of both measurements is not completely 

possible, due to a change in substance (Si-C10-SH VS Si-C10-SH) and the used analytical 

method the same time, these results indicate an identical decomposition for both silicon-

based surfactants independent of the changed chain length. Consequently, the stability of the 

investigated compounds mainly depends on the used heteroatom-based Keggin cluster, in 

the following way: 

[PW11O39-Surf]3-
 ≤ [GeW11O39-Surf]4-

 < [SiW11O39-Surf]4-
 < [BW11O39-Surf]5- 

This trend shows an increased stability for higher charged Keggin clusters (cf. figure 3.11a). 

Moreover, a first step of the decomposition process – resulting in the cleavage of one Si-

C5H10SH chain – was proven.  

Since a cleavage of the silicon-oxygen-bond can be assumed as a first step of degradation, 

an additional experiment supporting this hypothesis can be performed. Therefore, a 

stabilization of this bond is aimed by using an instable phosphorus-based cluster and an 

aromatic chain for a surfactant molecule (cf. figure 3.15a – right). Since electrons of an 

aromatic chain, linked by a vinyl group to the silicon linkage atom, should be able to move 

freely to the silicon atom, a stabilization seems probable. By measuring the kinetic 

experiment done before for a PW11-surfactant (PW11-C27H31-TIPS)[226], where the silicon 
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linker atom is bounded to a sp2-hybridisied carbon atom without any reactive ends (cf. figure 

3.15c, black dotted line, half-filled triangles), an increased stability of such a surfactant could 

be observed. While the alkyl-based surfactant (P-C16) decomposes mainly (42%), the 

aromatic compound shows a slightly slowed down decomposition (35%). Consequently, an 

enhancement of the stability of POM surfactants by electron rich organic chains can be 

noted. Like mentioned before, a thiol group used as a ω-end group of the chains significantly 

influences the stability of POM-surfactants, too. Therefore, the stability of POM surfactants 

regarding their chains can be summarized this way:  

PW11-Si-(sp3)CH2-Alkyl-SH < PW11-Si-(sp3)CH2-Alkyl-CH3 < PW11-Si-(sp2)CH-Vinyl. 

 

Figure 3.17: ESI-MS measurements mention the products of the second step of decomposition.  

(a) ESI-MS spectrum of Ge-C5-SH in aqueous solution after one month (black: measured data, orange: 

simulated spectra), showing three one-chained decomposition products (GeW3O12-SiO-C5H10SH (966.77), 

GeW4O15-SiO-C5H10SH (1198.70), GeW5O18-SiO-C5H10SH (1428.63)). (b) ESI-MS spectrum of P-C16 in aqueous 

solution after two weeks (black: measured data, violet: simulated spectra), showing three fragmentated 

clusters (PW3O12 (774.77), PW4O15 (1006.66), PW5O18 (1238.64)). (c) Sketch summarizing all by ESI-MS 

observed daughter ions – with and without a chain bounded to the cluster fragment – resulting from a one-

chained surfactant molecule. 
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Besides the information given regarding the different types of clusters, the NMR kinetic 

experiments mentioned in figure 3.15c show a chain-dependent behaviour. While 

surfactants with a bolaform architecture (broken lines and empty symbols) decompose of 

shorter timescales, surfactants with a classical architecture (EW11-C16H33; solid lines and 

filled symbols) are significantly more stable. Consequently, the thiol group at the ω-end of 

the chains must be a key factor during the decomposition process of the surfactants. This can 

act as a starting point to postulate a mechanism of their decay. For gaining more information 

regarding a decomposition mechanism, additional insights can be reached by the ESI-MS 

kinetic experiment discussed before. The fragments observed at a mass to charge value of 

1450 correspond to the surfactant, were a single chain is split off. These ions, just differing 

by the mass of the central atom, are found for the silicon-based and the germanium-based 

surfactant (cf. figure 3.16a & 3.16b). Consequently, the linkage between the chain and the 

cluster must be cleaved at the position of the silicon atom of the chain and the oxygen atom 

of the cluster during the first degradation step. Furthermore, also much lighter daughter ions 

of further degradation steps, can be observed by mass spectrometry (cf. figure 3.17a & 

3.17b). A first type of degradation products was identified by ESI-MS measurements of Ge-

C5-SH when one month was passed. These fragments contain a single chain and a further 

fragmented cluster (cf. figure 3.17a & 17c; e.g [GeW3O9-SiO-C5H10-SH]-1). Even if these 

fragments are only observable in low concentrations, a reliable assignment was possible, due 

to their isotopic patterns. Since every compound shows a specific number of tungsten atoms, 

the isotopic pattern differs strongly by the intensity of different isotopic peaks. Moreover, 

fragments containing only a small fragment of the cluster were detected. An example of such 

fragments can be observed in figure 3.17b, by the decomposition of P-C16 after two weeks 

in solution. These uninegatively charged fragments are pure inorganic clusters, consisting of 

tungsten, oxygen, and a phosphorus atom. By simulating the characteristic isotopic pattern 

(black: measured data, violet: simulated spectra), an assignment was possible. Thereby, 

clusters containing three (PW3O12
-1), four (PW4O15

-1) or five (PW5O18
-1) tungsten atoms 

were observed. Both types of fragments shown in figure 3.17 can result from a further decay 

of the daughter ions showing a single organic chain mentioned before. So, a significant 

further decomposition of the polyoxometalate cluster can be postulated as a second step. 
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Sketch 3.18:  Mechanism of the decomposition of POM surfactants. 

Based on daughter ions from ESI-MS measurements and self-assembly behaviour of the investigated 

surfactants, a mechanism is postulated. In a 1st step, a cleavage of the W-O-Si-bond by a multi-step hydrolysis 

occur. After splitting off a single chain, the mono-alkylated surfactant further decays to smaller cluster 

fragments with (EW3O12-SiO-C5H10SH, …) and without (EW3O9, …) a chain (2nd step). This mechanism even 

speeds up by the assistance of coordinated thiol groups (below). 
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In summary, a significant degradation of POM-SH bolaamphiphiles in aqueous solutions 

can be observed. This process mainly depends on three parameters: The heteroatom building 

the centre of the Keggin cluster, the hybridization of the carbon atom next to the silicon atom 

linking chain and cluster, and the ω-group at the end of the alkyl chain.  

By using all insights gained during chapter 3.1.2, a mechanism for the decay of POM 

surfactants in aqueous solutions can be deduced. A first step is the complete conversion of 

the di-alkylated surfactant to a mono-alkylated species. This happens by a cleavage of the 

silicon-oxygen-bond of the first chain (illustrated in figure 3.16c). Consequently, a multi-

step hydrolysis of this linkage by coordination of a water molecule at the POM head group 

is unavoidable (cf. figure 3.18). During a first sub-step, a water molecule is coordinated to 

the POM cluster. Therefore, the oxygen hydrogen bond is weakened by the coordination of 

the hydrogen to the POM cluster. Thus, the electron density of the oxygen atom in the 

coordinated water increases, which results in the formation of a new silicon-oxygen(H2O) 

bond and a cleaved silicon-oxygen(POM) bond. By repeating this reaction two additional 

times, one chain of the surfactant is cleaved. A further proof of a hydrolysis-based 

mechanism can be made by dissolving POM surfactants in DMSO. By using anhydrous 

DMSO as a polar and aprotic solvent, all investigated surfactants are stable for month (cf. 

chapter 6 – (XCII - CII)). While this reaction (cf. figure 3.18 – upper part) occurs on the 

timescale of weeks for classical surfactants (EW11-C16H33), it is significantly accelerated in 

the presence of thiols. This relation was additionally proven by a further control experiment. 

By adding 5µL ethanethiol to an aqueous solution of a classical architecture POM-surfactant 

(P-C16), the decomposition of P-C16 accelerates (cf. chapter 6 – (XCII - CII)). While the 

bare surfactant decomposes within one week, the additive accelerates this process to the 

range of hours (79% decomposed surfactant after 1 hour). Therefore, an accelerated 

decomposition process is expected for POM-SH bolaamphiphiles, too. Consequently, this 

process is catalysed by the formation of self-assembled vesicles (cf. figure 3.18 - below). 

Since bilayer vesicles are the mainly formed species of aggregates in solution, the thiol gets 

into physical proximity of the silicon-oxygen(POM) bond. Moreover, the thiol can coordinate 

to the polyoxometalate cluster. This way, the intermediates proposed to initiate 

decomposition and the speed of decay accelerates significantly. During the next step, the 

resulting mono-alkylated surfactants decompose to smaller cluster fragments. Therefore, a 

further fragmentation of the cluster occurs. Since, the stability of the mono-alkylated 

fragments is lower compared to the entire surfactant molecule, the cluster decompose as 
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well. Thereby, the clusters fragment to smaller clusters with 3, 4 or even 5 tungsten atoms, 

carrying either one or no chain (cf. figure 3.17c and 3.18). This complex process of decay 

depends on numerous parameters. By using different heteroatoms inside the cluster (E = P, 

Si, Ge, B) the stability of the synthesized surfactants can be significantly enhanced (PW11O39 

~ GeW11O39 < SiW11O39 < BW11O39). Due to their differences in electron-demand, the 

silicon-oxygen(POM) bond is stabilized by more electron withdrawing clusters. By using these 

clusters (i.e. BW11) an increased stability of the bond between the silicon atom and the 

polyoxometalate cluster is realized. Therefore, the silicon- and boron-based Keggin clusters 

are more stable than the phosphorus- or germanium-based ones. Moreover, this fact was 

proven by a silicon atom linked to a sp2-hybridized carbon atom and aromatic chains as well. 

These increase the stability of POM-surfactants, while thiols groups at the ω-end of the chain 

result in a decrease of long-term stability, due to their strong interactions with POM clusters. 

Therefore, the bi-layered vesicles built up in aqueous solutions show a high short-term 

stability (even at 80 °C), while they also decompose over days. Based on this results, POM-

surfactants with a perfectly designed lifetime in aqueous solutions can be designed for 

applications in aqueous media (i.e. drug-delivery) in the future.  
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3.2: POM-SH surfactant - gold nanoparticle hybrids  

 

In the last chapter of this thesis, the synthesis of POM-SH based amphiphiles with alkyl 

connectors between the hydrophilic POM and SH head groups was successfully 

demonstrated and their behaviour in aqueous solutions was characterised. A further benefit 

of surfactants is their interfacial activity. In the following chapter, several benefits resulting 

from this interaction will be shown. Therefore, new ways in synthesizing gold nanohybrids 

and their use in catalytic nano-systems will be presented. By taking advantage of plasmonic 

effects, the resulting hybrids are promising candidates for highly active catalytic systems. 

These systems are available by using perfectly optimized POM-SH bolaamphiphiles. While 

the polyoxometalate clusters can act as catalytic sites for numerous reactions, e.g. acid- or 

redox-catalysed ones,[209, 211] the thiol group contributes with its high affinity to metal 

surfaces,[227] especially gold[228]. As gold-based materials – especially gold nanostructures – 

show very interesting effects, i.e. plasmonic effects, a gold-POM-surfactant hybrid system 

seems promising for a catalytic enhancement of reactions by plasmonic effects. Moreover, 

by taking advantage of the electronic properties of gold nanostructures, which can be 

affected by an external electric field,[124] an enhancement of catalytic processes by plasmonic 

catalysis (cf. chapter 1.3) comes into reach.[229] Due to this a gold-bolaamphiphile hybrid 

system for plasmonically enhanced catalysis on irradiation seems worth for striving for. 

 

3.2.1: Anisotropic gold nanoparticles synthesized from EW11O39-Alkyl-

SH surfactants (E = Si, Ge, B) using UV-light 

 

For realizing gold-nanoparticle-POM-SH-surfactant hybrid (AuNP-SURF) systems, gold 

nanostructures with an attached monolayer of POM-surfactants are essential. It is known 

that the formation of gold nanoparticles is affected by various parameters. Here, the three 

most important parameters will be explained in brief. First, a system for the successful 

synthesis of gold nanostructures needs a reducing agent for reducing the precursor (i.e. 

chloroauric acid (HAuCl4)) to elemental gold. Moreover, a size and shape directing reagent 

is necessary for synthesizing monodisperse particles of a determined shape. Last a stabilizer 

preventing the aggregation of nanoparticles is indispensable. The targeted structures must 

be in a size range of 10 to ~200 nm in diameter to show nano-size dependent properties. For 
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creating catalytically active nanoparticles, with POM clusters as the active sites, a freely 

accessible surface is desirable. Thereby, POM shells would be able to form, i.e. by self-

assembled monolayers (SAMs).  

To synthesize gold nanoparticles matching to these conditions, a method published by Kida 

et. al. was adapted.[210] Kida used a Keggin cluster (SiW12O40), functionalized by 

dimethyldioctadecylammonium (DODA), as a surfactant. This surfactant – based on an ionic 

interaction of both compounds – assembled in a layer at a chloroform-water interface. By 

irradiation with UV-light, the POM-cluster acts as a photo-catalytic reductant, while 

chloroform performs as an electron donor.[210] This results in a conversion of chloroauric 

acid to gold nanosheets with a length of 1-5 micrometres in xy-direction. 

 By using the POM-SH bolaamphiphiles discussed before, this system can strongly be 

improved. First, by using POM-SH surfactants instead classical POM surfactants with ionic 

head groups, a defined and adjustable synthesis can be achieved.  Consequently, a change in 

shape and size of the nanoparticles can be achieved by variations of the used POM clusters 

and alkyl chain lengths. Additionally, the resulting nanoparticles are highly stabilized by the 

strong Coulomb interactions between the POM clusters. Last, this system is perfect in terms 

of simplicity as it uses only a single compound as a photo-catalytic reductant, shape directing 

agent and a stabilizer the same time (cf. figure 3.19). In a first step, the surfactant was 

dissolved in water. After overlayering chloroauric acid dissolved in chloroform with the 

aqueous solution, the biphasic solution was irradiated by UV-light without stirring for 6 

hours. During the irradiation, the auric acid slowly diffuses into the aqueous phase. This 

 

Sketch 3.19: Synthesis of gold nanoparticle by using POM-SH bolaamphiphiles: 

By utilizing a two-phases setup POM-SH bolaamphiphiles can act as a UV-photo-reductant (1), shape 

conducting reagent (2) and stabilizer (3).  
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layer contains a large number of self-assembled aggregates (cf. chapter 3.1.2), while only a 

few monomers of the surfactant will be present at the interface. During the subsequent 

formation of the gold nanoparticles, the POM-SH surfactant acts as multifunctional catalyst. 

First, the polyoxometalate head group acts as a photo-catalytic reducing agent, reducing 

chloroauric acid (oxidation number = +III) to elemental gold (oxidation number = 0). 

Second, when gold clusters are formed, the surfactant acts as a shape directing reagent. By 

forming vesicles and later SAMs around the growing clusters, the growth of the clusters is 

directed to different morphologies of nanoparticles. Finally, the resulting nanoparticles are 

electrostatically stabilized by a surfactant-layer on their surface, preventing aggregation. 

Thereby, the thiol group acts as an anchor group and strongly interacts with the gold surface 

of the nanoparticles, which fixates the surfactant. By forming a hydrophilic thiol layer on 

the surface, the gold surface gets even more hydrophilic, too. Additionally, the POM heads 

show a favourable interaction with water due to their high charges. Moreover, repulsive 

Coulomb interactions between the POM cluster shells of two nanoparticles causes, a strong 

repulsion effect. Therefore, the nanoparticles are sufficiently dispersed in the aqueous layer 

and strongly stabilized. After a classical work-up (centrifugation and washing; described in 

chapter 6 – II) multimodal mixtures of sizes and shapes of nanoparticles were observed. By 

using the compound library of POM-SH bolaamphiphiles discussed before, numerous 

AuNP-SURF hybrids were accessible (cf. figure 3.20 and chapter 6 – (CXLVI - CLVIII)). 

These show a wide range of different sizes and morphologies. First, by using TEM 

micrographs, the shapes and sizes of these nanoparticles can be determined. A first example 

is shown in figure 3.20a by nanoparticles synthesized using B-C7-SH surfactant. These are 

in a range of 120 to 150 nm in diameter and adopt a cubic shape. This characteristic shape 

was also observable by UV-VIS measurements (cf. figure 3.20b). While spherically shaped 

gold nanoparticles show a relatively sharp maximum at ~530 nm (see also chapter 3.2.2), 

the maximum observed for these nanoparticles (λUVVIS = 538 nm) is broadened.  This shift 

of the optical absorption to higher wavelengths (red shift), can be explained by the enhanced 

plasmonic interactions at the edges and corners of the nanoparticles. At these parts of the 

nanoparticle the plasmonic behaviour is enhanced (cf. chapter 1.3), so an excitation by light 

is possible at lower energies. A further information gathered from UV-VIS spectroscopy, is 

the successful functionalization of the nanoparticle by a POM surfactant layer. This is 

evident from an enhanced absorption at higher energies (intensity of 0.55 at 300 nm), caused 

by the bound POM cluster. Finally, the average sizes of the nanoparticles were proven by 

DLS measurements (cf. figure 3.20c). These show a maximum in the size distribution at 
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~130 nm in hydrodynamic diameter (dH = 128 ± 14.7nm). Since no further maxima are 

observable, an acceptable degree in polydispersity can be assumed. This fact agrees with the 

TEM micrograph discussed before, showing only particles in a range of ~120-150 nm in 

diameter. By varying individual parameters of the surfactant, the shapes and sizes of these 

nanoparticles can be tuned. Therefore, a variation of the used Keggin cluster should result 

in different shapes, while the length of the alkyl linkers should influence the degree of 

monodispersity.  

These trends can by noticed by the investigated systems. Even through nearly all used 

surfactants provided small amounts of spherically shaped particles, only B-C7-SH produces 

cubic nanoparticles. In contrast, silicon- and germanium-based surfactants show a large 

number of triangular and hexagonal particles (cf. figure 3.20d and chapter 6 – (CXLVI - 

CLVIII)). This change of hexagonal-shaped is caused by reducing the total charge of the 

surfactant (5- to 4-) by changing the hetero atom. Thereby, less strong Coulomb interactions 

of POM clusters bonded to the same nanoparticle arise. This suppresses the formation of 

Figure 3.20: Anisotropic gold nanoparticles synthesized by POM-SH bolaamphiphiles and UV-light irradiation: 

(a) Nanoparticles synthesized by using B-C7-SH showing a cubic shape (scale bar: 0.1 µm). (b) By UV-VIS 

spectroscopy an increased absorbance for UV light and a gold nanoparticle specific maximum (λUVVIS = 

538 nm) can be noted. (c) DLS measurements confirm an acceptable degree of polydispersity of the 

synthesized nanoparticles and a hydrodynamic diameter of ~130 nm (dH = 128 ± 14.7 nm). (d) By using 

different chain lengths, a maximum in monodispersity can be recorded for chains showing intermediate 

lengths (left to right: Si-C5-SH, Si-C6-SH, Si-C7-SH, Si-C8-SH; scale bars: 0.1 µm). 
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particularly sharp edges (as e.g. in cubes), while more spherical structures (i.e. hexagonally 

ones) are favoured. Additionally, a changed degree of monodispersity for different chain 

lengths was proven. While surfactants with very short (i.e. Si-C4-SH) or very long alkyl 

spacers (i.e. Si-C10-SH) show no formation of gold nanoparticles, surfactants showing 

intermediate alkyl chain lengths (i.e. Si-C5-8-SH) are able to produce gold nanoparticles. 

These nanoparticles have a diameter of circa 100 nm and are mainly hexagonally shaped 

(figure 3.20d). Moreover, an increase in monodispersity for surfactants with hexyl or heptyl 

chains is observed. So, the use of Si-C5-SH and Si-C8-SH leads to nanoparticles with 

diameters of 10 nm up to more than 150 nm. Additionally, these nanoparticles are of various 

shapes, i.e. spherical or hexagonally. In contrast, Si-C7-SH results in more uniform 

structures, while Si-C6-SH produces hexagonally shaped nanoparticles in a more defined 

range of size in very high yields. Consequently, the highest degree of monodispersity is 

noted for nanoparticles synthesized by usage of Si-C6-SH as reagent. Even if these particles 

are the best in degrees of polydispersity, further steps are necessary to realize a perfectly 

monodisperse system in future. The dependency to the length of the alkyl spacer was 

additionally proven by the germanium- and boron-based surfactants. A usage of these 

compounds showing a middle chain length (C5-8) in the gold nanoparticle synthesis result in 

gold nanoparticles, too. In contrast, syntheses based on short (C4) and long (C10) chained 

surfactants failed. Moreover, B-C7-SH and Ge-C7-SH show the best results in 

monodispersity for their type of POM-surfactants. Consequently, an improvement in 

monodispersity for gold nanoparticles synthesized by POM-SH bolaamphiphiles showing 

an intermediate length of the methylene units is noted. 

In summary, first promising results for further investigations in the field of anisotropic gold 

nanoparticle research were shown. So, the advantages of synthesizing anisotropic 

nanostructures by using POM-SH bolaamphiphiles as a photo-catalytic reductant, shape 

directing, and stabilizing reagent could be demonstrated shortly. The resulting AuNP-SURF 

hybrids show triangular, hexagonal, or cubic shapes beside the occasional occurrence of 

spherical particles. Moreover, by using Keggin POM clusters with different heteroatoms and 

charges, the shape of the nanoparticles can be optimized. By using alkyl spacers of a length 

of 6 or 7 methylene units, higher but even not perfect degrees of monodispersity were 

achieved.  
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3.2.2: Plasmonic-enhanced catalysis of bolaform POM-SH-surfactant 

gold nanoparticle hybrids using SiW11O39-Alkyl-SH bolaamphiphiles. 

 

Nearly every product we are using in our daily life contains of a material, which has been 

produced by a catalysed reaction.  A very famous example is the Haber-Bosch synthesis 

(1910), synthesizing ammonia by combining nitrogen and hydrogen to the starting material 

for the production of fertilisers or explosives.[169] Moreover, all sorts of modern plastics (i.e. 

PE[230]) are based on numerous catalytic reactions, for example by using the Ziegler-Natta 

process.[231] Polyoxometalate clusters – used as a head group of the bolaamphiphiles – are 

also well-known for their catalytic properties in acid- or redox-catalysis (cf. chapter 1.2).[211, 

232] These catalytic properties can be strongly enhanced when plasmonic effects based on 

gold nanostructures are utilized, forming so-called plasmon-enhanced catalytic systems (cf. 

chapter 1.3). By using POM-SH gold hybrid systems (AuNP-SURF), underlaying effects 

and correlations of this promising kind of systems are investigable.[176, 233]  

 

Sketch 3.21: Aims and motivation of synthesizing an AuNP-SURF hybrid for a gold supported acidic catalysis. 

(a) By irradiation with white light the gold nanoparticle absorbs energy. This energy can be transferred to the 

catalytic active POM head group, which is bonded by a thiol group to the gold surface. (b) Sketch of the 

targeted acid-catalysed esterification. By absorbing light, the activation energy (EA) is significantly reduced.  
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In the following chapter, these synergistic effects are investigated. AuNP-SURF hybrids are 

promising candidates for a catalytic test system, showing the fundamental ability of plasmon 

enhanced catalysis. As POM clusters are catalytically active, a self-assembled monolayer of 

surfactants – built by strongly bonded thiol groups on the gold surface and POM clusters 

constituting an outer shell (cf. sketch 3.21a) – covering a nanoparticle should be catalytically 

active as well. An even more interesting feature is a synergistic interaction of the plasmonic 

properties of the gold nanoparticle and the catalytic centres. As the distance between the 

POM cluster of the surfactant and the surface of the nanoparticle is just 2-3 nm in case of a 

monolayer, a transfer of the plasmonic energy to the catalytic centre can, in theory, be 

expected. By irradiating these hybrids with light, the catalytic performance should be 

positively affected as well. The gold nanoparticles are able to absorb energy owing to their 

unique optical properties and transfer the energy to the POM head (cf. sketch 3.21b). This 

energy transfer is probably based on a (locally) increased temperature or/and a transfer of 

stimulated electrons. These fundamental effects will be investigated, enabling a deeper 

understanding of plasmonic enhanced catalysis and further improvements in their 

performance.       

To investigate the fundamental properties of such a complex catalytic system, a small 

number of variables would be desirable. As the system is built up by nanoparticles, POM-

SH bolaamphiphiles and an external trigger (light), a variation of additional parameters 

should be avoided for the moment. Consequently, the AuNP-SURF hybrids shown before 

(chapter 2.1) would not be the perfect choice, due to their anisotropic shape and the 

relatively poor degree in monodispersity. Therefore, a synthesis to fabricate spherical and 

perfectly monodisperse nanoparticles with a post-modifiable surface is aimed at. These gold 

nanoparticles were synthesized according to a procedure published by Turkevich.[234] 

Thereby, nanoparticles can be easily synthesized in high quality. When the nanoparticles are 

post-modified with an aqueous solution of a POM-SH bolaamphiphile, AuNP-SURF hybrids 

are generated. These nanoparticles show an enhanced stability against aggregation. 

Therefore, a transfer of the nanoparticles to a methanol-based suspension by centrifugation 

is possible. Since a high BrØnstedt acidity of the resulting methanol AuNP-SURF hybrid 

suspensions is desirable, an ion-exchange chromatography was performed (Na+ -> H+). 

When the counter ions of the fixated POM clusters were exchanged, the suspension was 

centrifuged again (10000 RPM for 30 minutes). These hybrids were investigated by TEM, 

DLS and UV-VIS measurements in order to confirm their correct structures.  
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Figure 3.22: Characterization AuNP-SURF-Si10 by several nano-analytical methods: 

(a) AuNP-SURF-Si10 showing a high degree in monodispersity with ~30 nm in diameter (scale bar: 200 nm). 

(b) Enlargement of TEM image (scale bar: 50 nm) showing AuNP-SURF-Si10 inclusive a cover built of POM-SH 

bolaamphiphile. (c) The monodisperse size of the gold nanoparticles is also proven by DLS (dH ~40 nm), while 

small amounts of monomers of Si-C10-SH are observable as well (dH ~2 nm). (d) UV-VIS spectroscopy was used 

for proving the plasmonic gold properties of AuNP-Si10 (blue solid line, λUVVIS = 544 nm), compared to 

unfunctionalized gold nanoparticles (red solid line, λUVVIS = 550 nm) and bare Si-C10-SH (blue dotted line, λUVVIS 

= 300 nm). All samples are dissolved/suspended in water. (e) HR-TEM micrograph (scale bar: 5nm) showing 

a cover layer of POM-SH surfactant. (d) EDX line scan taken along the direction indicated by the dashed line 

in HR-TEM micrograph show gold (red) and tungsten (cyan). 
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Exemplarily, a characterization is presented for hybrids post-modified with Si-C10-SH 

(= AuNP-SURF-Si10), in figure 3.22. First, TEM micrographs show highly monodisperse 

spherical nanoparticles. The nanostructures have a diameter of ~30 nm (cf. figure 3.22a & 

3.22b). Moreover, DLS measurements confirm this size as well (shown in figure 3.22c). 

The hydrodynamic diameter of 40 nm obtained from DLS measurements agrees well with 

the apparent diameter of 30 ± 5 nm determined by measuring 50 particles from TEM 

micrographs. A slight divergence with the data of the TEM micrographs is tolerable, since a 

hydrodynamic diameter has to be slightly larger than the real one due to the solvent and 

surfactant shell of the nanoparticle. Additionally, a second maximum (dH = ~2 nm) is 

detectable, corresponding to monomeric surfactant molecules in solution. Since no larger 

structures indicating vesicular structures with a hydrodynamic diameter of ~200 nm (cf. 

chapter 3.1.2) are observed, the amount of free surfactant must be very low. These facts 

were additionally proven by UV-VIS spectra as shown in figure 3.22d. While the maximum 

in UV-VIS spectrum of the hybrids (blue solid line) fits to that of the spherical plasmonic 

gold nanostructures in aqueous solutions (red solid line, maximum: 550 nm), a further 

increase in absorption at shorter wavelengths is found. This is observed at a wavelength of 

300 nm and act as a hint for a further modification of the nanoparticle surface by the POM-

SH bolaamphiphile. This assumption can further be supported by the absorption data of the 

bare surfactant in aqueous solution (Si-C10-SH, blue dotted line), showing an increased 

absorption at high energies. Therefore, an increased absorption for the AuNP-SURF-Si10 

hybrids at 300 nm fits to the expectations. The post-functionalization of the nanoparticles by 

a shell of POM-SH bolaamphiphiles was further confirmed by TEM micrographs and EDX 

line scan measurements. As illustrated in figure 3.22e, HR-TEM micrographs show a layer 

covering the surface of the nanoparticle (thickness: 3-5 nm), which fits very well to the 

calculated length (2.0-2.5 nm) of the surfactant (cf. scheme 3.1). The composition of the 

layer can be verified by EDX line scan measurements (shown in figure 3.22e). Thereby, a 

tungsten signal (cyan) all over the gold nanoparticle surface (gold signal: red) can be 

observed. Consequently, a complete closed shell of POM-SH surfactant covering the gold 

nanoparticle is proven.   
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In summary, monodisperse AuNP-SURF-Si10 hybrids were successfully synthesized by post-

modification of spherical, monodisperse gold nanoparticles using Si-C10-SH as a surfactant. 

After synthesizing successfully AuNP-SURF hybrids, catalytic experiments regarding an 

enhancement of the catalytic activity of POM clusters by plasmonic effects is viable. By 

irradiating the catalyst with light, an absorption of energy by the plasmonic gold is achieved. 

In a second step, the energy is transferred to the POM cluster, thereby enhancing the catalytic 

process. If these processes can be proven by experiments, further investigations addressing 

the mechanism of energy transfer (nano-heating, electron transfer, etc.) are desirable. 

For irradiation of the AuNP-SURFs, two irradiation set-ups were built. The first set-up 

consists of ten 10 W power-white light-emitting diodes (LEDs) in a combination of series 

(2 LEDs are coupled) and parallel (5 times) connections (cf. figure 3.23a). Additionally, a 

water-cooling system was installed for long-time cooling of the LEDs (experiment duration 

of 6 days!). Moreover, this way isothermal conditions were realized, enabling a high 

reproducibility and comparability of the experiments discussed below. Isothermal conditions 

 

Figure 3.23: Setup used for plasmonic catalysis: 

(a) Simulation of the irradiation setup used for plasmonic catalysis measurements, built up by using ten 10W 

power LEDs for irradiating a sample with 100 W white light. (b) Spectrum of the used white light (cf. (a)) and 

the red (630 nm), green (530 nm) and blue (470 nm) light. (c) Simulation of the irradiation setup used for 

plasmonic catalysis measurements with red light (50 W, 630 nm). (d) Simulation of the irradiation setup used 

for plasmonic catalysis measurements with green light (50 W, 530 nm). (e) Simulation of the irradiation setup 

used for plasmonic catalysis measurements with blue light (50 W, 470 nm). 
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are essential for all experiments, due to the correlation of temperature and catalytic 

performance as stated by the Arrhenius law.[177] So, the resulting set-up allows to irradiate a 

sample with white light (spectrum is shown in figure 3.23b), while isothermal conditions 

are maintained. Moreover, a second irradiation set-up enabling an irradiation with light of a 

specific wavelength was built. This one was realized since the absorption behaviour of 

AuNP-SURF hybrids strongly depends on the wavelength of the light. Consequently, the 

amount of absorbed energy and possible effects based on this energy-input should differ as 

well. By using 30 red-green-blue (RGB) LEDs, an air-cooled set-up for the irradiation by 

powers of 10 to 100 W at specific wavelengths (red = 630 nm, green = 530 nm and blue = 

470 nm) was realized (simulations are shown in figure 3.23c-e). This time an air-cooled set-

up was chosen, due to a reduced heat development by the LEDs. Since every LED has to 

perform with a decreased power (~3 W compared to the 10 W white ones), a significantly 

lower amount of heat was generated. Consequently, isothermal conditions could be realized 

during these reactions at least in a good approximation.  

Since POM clusters are strong BrØnstedt acids,[199] a reaction catalysed by an acid was 

devised. Therefore, the acidity of Si-C10-SH was proven by a titration of an aqueous 

surfactant solution by a sodium hydroxide solution (shown in chapter 6 – CXLV). The 

formed hybrids consisting of gold nanoparticles and Si-C10-SH chains are expected to be 

acidic catalysts as well. By using a simple acid catalysed esterification of 3-phenylpropanoic 

acid by methanol resulting in methyl 3-phenylpropanoate as the product (illustrated in figure 

3.24a), a test reaction was created. This reaction is perfectly suitable for proving an enhanced 

catalytic performance of the AuNP-SURF hybrids by plasmonic effects. Firstly, the reaction 

is as simple as possible by using only one reactant, a solvent and the catalyst, resulting in 

one product without any side products. Moreover, by performing the reaction in alcohols as 

a solvent (in our case methanol was used), the reagent for the esterification is present in large 

excess preventing a limitation of the reaction rate by lack of reagent. Secondly, the 

conversion is easily quantifiable by 1H-NMR spectroscopy. As shown in figure 3.24b, the 

yield of conversion can be calculated by integration of two peaks. By using the signal caused 

by the methylene unit next to the carboxyl group (triplet at 2.85 ppm, blue) as an internal 

reference, the amount of formed product can easily be calculated by integrating the newly 

formed methoxy-signal (singlet at 3.58 ppm, cyan) of the product. By measuring 1H-NMR 

spectra on a regular base of 1 time per day for 6 days, a time-dependent conversion can be 

observed (cf. figure 3.24c). Thereby, the increase of the methoxy signal (singlet at 3.58 ppm) 
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is clear. For gaining a more efficient way of representing comparable data, the amount of 

product calculated by 1H-NMR spectroscopy, was converted into turnover numbers (TONs). 

These are directly calculated by dividing the amount of product by the amount of the 

catalytically active centres. Consequently, a TON shows the number of educt molecules 

converted by a catalytic centre (POM). So, they are perfectly suitable for comparing different 

catalytic systems with regard to their performance. So, after calculating the amount of used 

POM-SH surfactant molecules (n = 260 nmol), absorbed on the surface of the nanoparticles 

(= number of active centres; cf. chapter 6 – CLIX), the resulting TON of the system is 

calculated. 

 

Figure 3.24: Plasmonic catalysis of AuNP-SURF-Si5/10:  

(a) Catalytic esterification of 3-phenylpropanoic acid using POM functionalized nanoparticles as a catalyst. 

(b) Calculation of the yield is done by integration of 1H-NMR spectra, using the methylene unit (blue, triplet 

at 2.85 ppm) as an internal reference for the amount of product, measured by the singlet of the methoxy 

group (cyan, singlet 3.5 ppm). (c) During the reaction time of 6 days, 6 samples were measured (one per day), 

showing an increasing conversion. (d) Yield (solid lines, in %) and TON (dashed lines) of an acid catalyzed 

reaction (catalyst for (b) – (d) = AuNP-SURF-Si5) done without irradiation (filled symbols) or with irradiation 

(half-filled symbols). (e) TONs of the bare POM-SH surfactant (Si-C10-SH, triangle) and the AuNP-SURF-Si10 

(square) hybrid with (solid line & half-filled symbols) and without (broken line & filled symbols) irradiation. 
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The results are demonstrated exemplarily for AuNP-SURF-Si5 hybrids. During this first 

catalytic experiment, spherical gold nanoparticles were post-functionalized using Si-C5-SH 

as a POM-SH surfactant. The resulting hybrids (AuNP-SURF-Si5), were synthesized and 

characterized the same way as the AuNP-SURF-Si10 hybrids discussed before (cf. figure 

3.22). By preparation of two identical samples of AuNP-SURF-Si5, a catalytic conversion of 

3-phenylpropanoic acid during irradiation of white light (100 W) can be performed, while a 

reference in darkness was done simultaneously. Thereby, a high conversion can be noted for 

the irradiated sample by the newly formed singlet of the product (3.58 ppm), shown in figure 

3.24c. When these conversions (solid lines) are recalculated to TONs (dashed lines), a graph 

showing the performance of the catalysts during the reaction is obtained (cf. figure 3.24d). 

Thereby, a significant enhancement of the catalytic performance of the irradiated sample 

(half-filled symbols) can be noted. While the reaction performed in the darkness (filled 

symbols), result in a TON of 667 after 6 days, the TON of the irradiated sample increases to 

a value of 1708. Moreover, a linear relationship between conversion/TON and reaction time 

over the investigated time is observed. Due to this fact, a reaction of pseudo 0th order can be 

assumed. This fact fits perfectly to a catalysed reaction, converting a single educt. 

Additionally, the large increase in TONs by 156 %, confirm an enhancement of the catalytic 

performance by light very well. Even if this is a first hint for the existence of a plasmon 

enhancement effect as well, also a direct activation of the POM cluster by light is 

conceivable. By comparing the performance of the gold nanoparticle – POM-SH 

bolaamphiphile hybrids (AuNP-SURF-Si10) and a bare surfactant (Si-C10-SH) in solution 

regarding their catalytic performance a final proof is available. This experiment is shown in 

figure 3.24e. When the increase in performance is based on a plasmon enhanced effect, a 

bare surfactant without any gold nanoparticles (triangles) should not be enhanced by an 

irradiation of light. This fact can be noted by comparing the TONs of the non-irradiated 

sample (dotted line, TON = 205) and the irradiated one (solid line, TON = 200) when 1 day 

has passed. Since both performances are nearly identical, a direct enhancement of the 

catalytically activity of the POM cluster by light can be excluded. Consequently, a 

stimulation of the POM clusters by the spatial proximity of the plasmonic gold surface and 

corresponding plasmonic effects is evidenced. Moreover, the catalytic activity of the bare 

surfactant fits perfectly to the performance of the AuNP-SURF-Si10 hybrids without any 

irradiation after 24 hours (cf. figure 3.24e; dotted line and filled symbols). The sample kept 

in darkness show a TON of 208, which perfectly matches with the values of the surfactant 

(TON = 200/205) discussed before. This fact shows an absence of plasmonic enhancement 
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effects in the darkness, which perfectly fits to the basics of plasmonic theory (cf. chapter 

1.3).  

In summary, the ability of POM-SH bolaamphiphiles and AuNP-SURF hybrids to act as 

acidic catalysts was shown. Moreover, a significant enhancement of the catalytic activity of 

the POM-SH bolaamphiphile by light-triggered plasmonic interactions – caused by a 

strongly bond to the gold nanoparticle - was demonstrated.  

After proving a synergistic effect of gold nanoparticles for the catalytic activity of POM 

surfactants, a further main factor for catalysts is to be mentioned. Since catalytic systems 

have to convert a large number of educt molecules compared to the number of catalytically 

active centres (cf. TON), a high stability of the catalyst is desired. Therefore, the stability of 

the AuNP-SURF hybrids during the catalytic process is to be investigated. Since the catalysis 

is performed in an organic solvent and conducted for nearly a week, the stability of the 

catalyst is an important topic. The long-term stability of the POM-SH bolaamphiphiles in 

solutions was shown to be a problematic issue before (cf. chapter 2.1.2). Consequently, a 

closer investigation of the stability of AuNP-SURF hybrids has to be performed. The 

nanoparticles used for the experiments shown above were synthesized by the Turkevich 

method under aqueous conditions.[234] Since the POM-SH bolaamphiphiles are highly 

soluble in water, a post-functionalization could be realized. Moreover, by coordination of 

the bolaamphiphiles to the gold surface, the formation of self-assembled aggregates of the 

amphiphiles is prevented. Additionally, by changing the solvent immediately to methanol, a 

hydrolysis is avoided as well. So, a vesicle-based degradation process of POM-SH 

surfactants is not expected anymore. The resulting AuNP-SURF hybrids should show a high 

stability, due to a stabilization of the nanoparticles by Coulomb interactions and steric 

repulsion caused by the POM clusters (quadruply negatively charged).[235-238] The high 

stability of the catalyst can first be observed by the reaction kinetic. Since the reaction shows 

a constant performance over time in accordance to a 0th order reaction, a degradation of the 

catalyst is improbable (cf. figure 3.24d). To confirm this expectation, the catalyst was 

characterized by UV-VIS spectroscopy, DLS measurements, TEM micrographs and EDX 

line scans. The resulting data confirming the stability of AuNP-SURF-Si5 hybrids is shown 

in figure 3.25. To these ends a first sample was taken before the reaction was performed, 

while a second one was measured after 6 days of irradiation using white light (100 W). UV-

VIS spectroscopy – shown in figure 3.25a – shows a maximum (λUVVIS = 533 nm) assignable 

to gold nanoparticles for both samples.  



3. Results & Discussion  80 

Thereby, a shift of 11 nm compared to the UV-VIS data discussed before (cf. figure 3.22d) 

is observed, which is assigned to the change in solvent (water to methanol). Moreover, an 

increased absorption in the range of 300-400 nm corresponding to a functionalization by 

POM-SH bolaamphiphiles is observed. Both samples, that before (solid line) and that after 

(broken line) being used in catalysis, show the same optical properties. DLS measurements 

done before (solid line) and after (broken line) the reaction, confirm nanoparticles with a 

hydrodynamic diameter of about ~40 nm. Moreover, a signal at ~2 nm is observable, which 

can be assigned to monomeric POM-SH surfactant molecules. These are released from the 

surface of the nanoparticle in very low concentrations. Consequently, no self-assembled 

structures of the surfactant molecules can be noted by DLS. In addition, the TEM 

micrographs (cf. figure 3.25c & 3.25d) also show no self-assembled structures or areas of 

POM-SH surfactant after drying the sample, which also supports the hypothesis of a very 

 

Figure 3.25: Proving the stability of the used AuNP-SURF-Si5 hybrid by TEM, DLS and UVVIS measurements: 

(a) UV-VIS spectra of AuNP-SURF-Si5 hybrids before (solid line) and after (broken line) use as a catalyst show 

a maximum at λUVVIS = 533 nm and a slight increase in intensity at ~300 nm. (b) DLS measurements before 

(solid line) and after (broken line) show a maximum in size for dH = ~40 nm and a second maximum at dH = 

~2 nm. (c) TEM micrograph and EDX line scan (cyan: tungsten; red: gold) taken before using the catalyst, 

shows spherical gold nanoparticles (diameter ~30 nm) covered by a POM-SH surfactant layer. (d) TEM 

micrograph and EDX line scan (cyan: tungsten; red: gold) taken after using the catalyst, shows spherical gold 

nanoparticles (diameter ~30 nm) covered by a POM-SH surfactant layer. 
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low concentration of free surfactant molecules. Moreover, both TEM micrographs illustrate 

well-separated spherical nanoparticles with a diameter of ~30 nm. According to the EDX 

line scan measurements, the nanoparticles consist of gold (red signal). Moreover, they are 

covered by a POM layer (cyan). All these analytical measurements, addressing the structure 

of the AuNP-SURF-Si5 hybrids, fit perfectly to the characterization of the hybrids discussed 

before (cf. figure 3.22). Furthermore, no difference of the catalyst before and after being 

used in the reaction (figure 3.25) can be observed.  

Consequently, a strongly increased stability for POM-SH bolaamphiphiles absorbed on gold 

surfaces can be noted. Moreover, the resulting AuNP-SURF hybrids are highly stable as well. 

Even if the catalytic enhancement by plasmonic effects of highly stable AuNP-SURF hybrids 

during a white light irradiation was proven successfully, further experiments are required, 

since no detailed knowledge about the mechanisms causing this strong enhancement has 

been achieved so far. A first possible approach for solving this scientific question is based 

on the strong enhancement of the catalysis by white light irradiation (cf. figure 3.24) of 

AuNP-SURF-Si5 (156%), compared to the performance of the surfactant itself. Due to this 

fact, an absorption of the irradiated light by the nanoparticle, followed by an energy transfer 

from the nanoparticle to the POM cluster is reasonable. The absorbed energy changes the 

acidity of the POM cluster, resulting in a higher acidity of the hybrids. Consequently, the 

way of energy transfer and the existence of protons are key factors. To prove this hypothesis, 

further experiments were performed by using varied counter ions, chain lengths and 

irradiation wavelengths (cf. figure 3.26a). First, five different AuNP-SURF-Six hybrids (x = 

5-10) were synthesized, using the POM-SH bolaamphiphiles discussed in chapter 3.1. Since 

a high surface activity is necessary for a successful formation of AuNP-SURF hybrids, 

compounds with a chain length of 5 or more methylene units were used. Compound Si-C4-

SH did not result in stable hybrids in accordance to its low amphiphilic character (cf. figure 

3.12; showing nearly no surface-activity (69 mN/m) compared to a value of 72 mN/m for 

pure water). All further silicon-based compounds with longer alkyl spacers could be used 

for a successful synthesis of AuNP-SURF-Six hybrids. Therefore, gold nanoparticles – 

synthesized by the method based on Turkevich[234] – were post-functionalized with an 

aqueous surfactant solution (Si-C5-10-SH). A first experiment, referring to the accessibility 

of protons in the catalytic system was performed by using the synthesized hybrids without 

an ion exchange chromatography. By omitting this step, a catalyst having sodium ions 

instead of protons as counter ions was realized.  
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Figure 3.26: Improvements of plasmonic supported catalysis by varying the alkyl chain lengths and the 

wavelengths of irradiated light: 

(a) Proposed reaction scheme for the performed catalytic tests by using AuNP-SURF-Six (x = 5-10) as a catalyst. 

For irradiation white or RGB light was used, while references were done in darkness. (b) enhancement of the 

catalysis by using protons (broken line, squares) instead of sodium (dotted line, diamonds) as counter ions. 

Moreover, by irradiation (half-filled symbols) of the sample with white light (100 W) the catalytic performance 

increased significantly. (c) Distance of the catalytic active POM head group from the ω-thiol group calculated 

by DFT calculations (chapter 6 – CXV – CXLIII). (d) By using red (red solid line), green (green solid line) or blue 

(blue solid line) light instead of white light for irradiation, an enhancement for all used surfactants can be 

shown. Only green light shows an enhancement dependent of the used chain lengths compared to samples 

prepared in darkness (black broken line). (e) AuNP-SURF-Six (x = 5-10) hybrids show a chain dependent 

enhancement of the acidic catalysis up to 175% (in TONs) when white or green light are used for irradiation.   
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Since the catalytic activity should be based on acidic protons a decrease in conversion is 

expected. The resulting catalytic conversions and TONs are presented in figure 3.26b 

(dotted line, diamond symbols) and further summarized in chapter 6 – CLX & CLXIX. 

When the counter ions of the POM clusters – building the external shell covering the 

nanoparticle – are sodium ions, the catalytic performance significantly drops. Therefore, 

turnover numbers (TON) of 100 to 150 (= conversion of 5-7%) were observed, even if the 

sample was irradiated for 6 days. One can assume that a full replacement of protons by Na+-

ions would result in a complete loss of catalytic activity. This experiment can be used as a 

reference experiment as well. So, pure gold nanoparticles are confirmed to be not 

catalytically active by themselves. If gold nanoparticles, covered by a shell of POM-SH 

bolaamphiphiles without protons are not catalytically active, simple gold nanoparticles e.g. 

stabilized by a polyethylene glycol (PEG) won’t be either. Since the accessibility of acidic 

protons is proven to be a first key factor, the way of transferring the absorbed energy to the 

catalytic active centres remains to be elucidated. First, a physical connection of the 

catalytically active centres and the gold nanoparticle seems necessary. This fact was 

confirmed by an additional reference experiment shown in chapter 6 – CLXII & CLXXVII 

a-c. By using gold nanoparticles, stabilized by a polyethylene glycol thiol (PEG-SH) and 

H8SiW11O39 as an inorganic acid, a comparable system was built up. While the gold 

nanoparticles once again act as a light absorber, the acidic lacunary clusters function as 

catalytic centres. Since both compounds are physically separated, no energy transfer can 

occur, and a low conversion rate was observed. During an irradiation for six days, only a 

rather small TON of 222 was reached. Consequently, a chemically connected hybrid, 

consisting of a catalytic active centre and a light absorbing nanoparticle, is essential for a 

successful light-enhanced catalysis. For gaining a deeper insight into the effects the 

mechanism is based on, the distance dependence of both compounds (nanoparticle and POM 

cluster) was investigated. Since an energy transfer (i.e. a transfer of electrons) has to be more 

efficient at shorter distances, the performance of AuNP-SURF-Si5-10 hybrids were tested. 

When a counter ion exchange (Na+ -> H+) was performed successfully, an enhancement in 

catalytic activity by irradiation with white light (100 W) was observed for all samples (cf. 

figure 3.26b, irradiated sample (solid line and half-filled squares), reference in darkness 

(dashed line and squares)). The extent of the enhancement depends on the chain lengths of 

the alkyl spacers. While a hybrid based on a bolaamphiphile with a short chain length of five 

methylene units shows an enhancement by 156% (TON = 1708), AuNP-SURF-Si10 only 

shows an enhancement of 57% (TON = 750). This decrease fits well with the increasing 
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distance of the POM cluster to the surface (cf. figure 3.26c). Density-functional theory 

(DFT) calculations[239] provide a distance of 8.25 Å between the cluster and the thiol group 

for Si-C5-SH, while a larger value of 14.68 Å was found for  Si-C10-SH. This trend can also 

be confirmed for the surfactants of intermediate chain lengths of between 6 to 8 units. By 

increasing the distance of the catalytic active POM, the enhancement reached by the 

irradiation decreases. Therefore, an absorption of the light by the nanoparticle is a first 

reasonable step. In a second step the absorbed energy has to be transferred from the 

nanoparticle to the POM cluster. This step is strongly distance dependent. To confirm the 

distance dependence of the energy transfer, light irradiation with different wavelengths (red, 

green, and blue = RGB) of the AuNP-SURF-Si5-10 hybrids was performed (figure 3.26d & 

3.26e). If an energy transfer occurs, only green light (λ = 530 nm) should be able to enhance 

the catalytic performance in a distance-dependent fashion. This fact is caused by the 

plasmonic maximum of the gold nanoparticles. Since the absorption of green light is strongly 

enhanced (cf. figure 3.22d or figure 3.27a), the amount of energy absorbed by the 

nanoparticle should be at its maximum by an irradiation wavelength of 530 nm. In contrast, 

red (630 nm) or blue (470 nm) light should not show a strong distance-dependent character 

in enhancement. All primary data regarding the discussed experiment using RGB light is 

further presented in chapter 6 – CLX & CLXXI ff. Moreover, the data gained by these 

experiments is presented by two graphs figure 3.26d & 3.26e. Figure 3.26d shows the 

absolute TON value, reached after an irradiation of 6 days by i.e. red light (red line). By 

comparing these total numbers to a reference sample keep in darkness (dotted line, filled 

squares), a relative enhancement by the irradiation was calculated (figure 3.26e). First, the 

reaction was irradiated with red light (630 nm). Since the AuNP-SURF-Si5-10 hybrids show 

almost no absorption in this energy range (cf. figure 3.27a), a very low enhancement of the 

reaction is expected. As assumed, the catalytic performance – illustrated in figure 3.26e – 

rises only slightly by 15 – 20 %. Moreover, no chain length dependent enhancement was 

observed. Thus, a wavelength dependency of the catalytic enhancement like discussed before 

seems even more probable. By using blue LEDs (470 nm), a significantly larger 

enhancement was observed. The conversion rises by 42 – 73 % showing TONs of 700 - 800 

(figure 3.26d/e). This improvement can be attributed to a direct absorption of energy by the 

cluster. Since AuNP-SURF hybrids show an increased absorptivity at short wavelengths 

compared to the individual compounds (cf. figure 22d), improved absorption properties can 

be stated for the POM cluster. Therefore, a direct absorption of the blue light by the POM 

clusters seems probable.  
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The hypothesis of an absorption by the POM-layer is additionally supported by the absence 

of a chain dependent behaviour. Since all hybrids show a very similar enhancement, an 

energy transfer from the nanoparticle to the POM doesn’t seem to occur. Therefore, an 

enhancement of 42 – 73 % by blue light fits the expectation of an enhancement of the 

catalytic activity by direct excitation of the POM cluster by the irradiated light. The most 

impressive result was observed by the irradiation with green light (530 nm). As this 

corresponds to the absorption maximum of the plasmonic resonance band, an absorption of 

the energy by the gold nanoparticle should occur to a large extent. The resulting catalytic 

measurements – illustrated in figure 3.26d/e – show a strong enhancement of 85 – 182 % 

(= TONs of 833 – 1396). This improvement depends strongly to the length of the used alkyl 

spacer. By using AuNP-SURF-Si5&6 hybrids, an enhancement of ~180 % was achieved. In 

contrast AuNP-SURF-Si10 hybrids only show a comparably smaller enhancement of 85 %. 

Even if this improvement is a less strong one in context of green light, its higher than all 

previously determined values by using red or blue light. This result can be explained by the 

higher absorption capacity of the energy in the range of the plasmonic maximum as 

compared to the remaining parts of the visible spectrum (shown in figure 3.27a). This proves 

an energy transfer from the surface of the gold nanoparticle to the POM cluster. In agreement 

with the results achieved by with light irradiation (cf. figure 3.26c), the transfer observed 

for the green light increases for shorter chain lengths, due to a closer spatial proximity 

 

Figure 3.27: Catalytic enhancement of AuNP-SURF-Six hybrids by visible light: 

(a) UV-VIS spectrum of AuNP-SURF-Si10 hybrids (counter ion: H+) showing a maximum for absorption at 540 

nm and the wavelengths of RGB LEDs (red = 630 nm, green = 530 nm, and blue = 470 nm) used for irradiation. 

(b) Relative catalytic enhancement (TON [%]) of AuNP-SURF-Six hybrids reached by irradiation with white light 

(100 W). Different parts of the catalytic enhancement are illustrated by the colour of the wavelength causing 

the enhancement (black = no light, red = 630 nm, green = 530 nm, and blue = 470 nm). 
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between the gold nanoparticle and the POM cluster. While AuNP-SURF-Si8 (distance = 

12.16 Å) hybrids show an enhancement of 86 % similar to AuNP-SURF-Si10 (85 %), AuNP-

SURF-Si7 hybrids (distance = 10.82 Å) demonstrate an enhancement of 121 %. By using 

even shorter chains (C6 and C5), a further improvement of up to 180 % can be achieved (cf. 

figure 3.26e). Consequently, a strong chain dependence of the catalysis irradiated by green 

or white light can be concluded.  

 

In summary, an activation of an acidic catalytic centre by a light absorbing gold nanoparticle 

was demonstrated. By using a POM-SH gold nanoparticle hybrid system, showing acidic 

protons, an irradiation with red or blue light results in a moderate enhancement without any 

further effects. In contrast, green light shows a significantly stronger enhancement and also 

exhibits a distance dependent energy transfer. By using white light – combining all three 

wavelengths – both types of enhancement can be combined to achieve even more impressive 

conversion rates (cf. figure 3.27b). Since all used hybrids show a high long-term stability, 

AuNP-SURF hybrids with surfactants with reasonably short alkyl chains are most promising 

for excellent catalytic activities. 
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3.2.3. Improvements and mechanistic insights into plasmonic-enhanced 

catalysis of gold nanoparticle – POM-SH bolaamphiphile hybrids 

 

In the previous chapter an enhanced catalytic performance by combining gold nanoparticles, 

POM-SH bolaamphiphiles and light of different wavelengths was demonstrated. Therein, 

the POM cluster catalytically provides protons, while the nanoparticle operates as an energy 

absorber. Moreover, a distance-dependent energy transfer from the nanoparticle to the POM 

cluster was proven. Even if this is remarkable, a deeper understanding of this process is 

desired. Consequently, the next chapter will focus on the investigation of the basic plasmonic 

effects causing the activity enhancement during the catalysis. 

For this type of hybrid system, numerous effects have to be taken into account. 

Unfortunately, their exact analysis is rather challenging due to the very short timescales and 

the specific reaction conditions, on 

which the suggested processes occur. To 

provide a first example, most 

spectroscopic measurements cannot be 

applied, due to the high intensity of the 

irradiated light. Moreover, only a 

nanomolar amount (260 nmol) of 

surfactant is bonded to the surface of the 

nanoparticles (cf. chapter 6 – CLIX). 

So, NMR or CV measurements lack 

sensitivity. In contrast, there are several 

different explanations for the observed 

catalytic activity enhancement 

theoretically. Plasmonic effects, i.e. local heating, can take place at the surface of the 

nanoparticle. Additionally, an electron or energy transfer from the particle to the cluster, 

changing the acidity of the protons, is possible (cf. figure 3.28). The most probable 

explanation for an improvement in catalysis is a rise in (local) temperature. So, the rate of a 

chemical reaction is strongly dependent on temperature, illustrated by the Arrhenius 

equation:[177] 

k �A exp(
-��

��
)   Equation 3 

Figure 3.28: Possible interactions occurring in the 

catalytic system. In example, heating, plasmonic, 

electron- or energy-transfer effects can enhance the 

catalytic activity of the surfactant during the irradiated 

nano-catalysis. 
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[k = rate constant, T = absolute temperature [K], A = pre-exponential factor,  

EA = activation energy & R = universal gas constant] 

Therefore, by heating the sample higher catalytic activities (mainly shown by increased 

turnover numbers) can be achieved. Since heating is an often-observed effect in irradiated 

gold nano-systems (cf. chapter 1.3), all experiments – reported in chapter 2.2 – were 

performed under isothermal conditions. Consequently, a change of the temperature on a 

macroscopic level was prevented by the chosen setup (the constant macroscopic temperature 

was checked by a thermometer as well). Beside the macroscopic heating, micro- or even 

nano-heating can occur. These effects are well-known in literature[151, 240] and a promising 

approach for example in cancer therapy. Thereby, nanoparticles produce locally constrained 

hotspots by irradiation with a laser.[147, 149] The hybrid system which was used for the 

catalysis is built up in a very similar way, so a local nano heating effect should be expected 

as well.  To prove or exclude this effect, further experiments were conducted. 

First, the catalysis was performed at different intensities of irradiation (50 W vs 100 W). 

Since the possibility of a strong nano-heating can also result in a macroscopic measurable 

rise in temperature, all samples were cooled only by air and screened regarding their 

temperature. By doubling the intensity of the irradiated light, a system based on nano-heating 

would significantly increase its TON. Due to the Arrhenius relation a more or less 

exponential increase in conversion, illustrated by the measured TONs, would be expected. 

Moreover, a chain length dependence would also be expected, since shorter chains correlate 

directly with a closer spatial proximity of the POM clusters to the heating spot. By using 

blue light with 50 W (blue line, half-filled squares) or 100 W (blue line, spheres) intensity, 

a two-fold increase in intensity was observed (cf. figure 3.29a). Thereby, the performance 

of AuNP-SURF-Si5 hybrids double (695 up to 1355, cf. chapter 6 – CLXIV & CLXXIX) 

as well as the performance of AuNP-SURF-Si10 hybrids (775 up to 1490, cf. figure RD-29a). 

The rate of conversion increases almost linearly. Moreover, the different chain lengths do 

not affect the increase in conversion. By performing the experiment with red light (100 W), 

a similar but not identical result was found (cf. figure 3.29b & chapter 6 – CLXIV & 

CLXXIX). While the conversion increases again without a chain length dependence, the 

increase in conversion was significantly higher. Both hybrids show an eight-fold increase by 

doubling the intensity (cf. figure 3.29b). Due to the exponential relation, this result even 

leads to the confirmation of the hypothesis of a nano-heating mechanism. Furthermore, a 

macroscopic rise in temperature was also observed for samples irradiated with 100 W (up to 
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~45 °C). This heating effect can be caused by an addition of thousands of nano-heating spots. 

Since heating has to be an affecting factor for the catalytic performance of our system, an 

exact calculation of its percentage share is needed. If this calculation results in a one hundred 

percentage heating effect, the enhancement in catalysis would be explained successfully. 

Therefore, a temperature dependence to the observed conversions was estimated by a further 

experiment. By performing the catalysis at different temperatures without any irradiation, a 

direct relation between the temperature and the conversion was calculated (cf. figure 3.29c). 

Therefore, AuNP-SURF-Si5 hybrids were used showing protons as counter ions. By 

performing the reaction in darkness at different temperatures, TONs after a reaction time of 

 

Figure 3.29: Investigation of possible heating effects during the catalysis by using different intensities and 

temperatures: 

(a) Catalytic conversion of AuNP-SURF-Si10 by using 50W (blue line, squares), 100 W (blue line, spheres) blue 

light or no irradiation (broken line, squares). (b) Catalytic conversion of AuNP-SURF-Si10 by using 50 W (red 

line, squares), 100 W (red line, spheres) red light or no irradiation (broken line, squares). (c) TONs measured 

for a catalysis of AuNP-SURF-Si5 hybrids at different temperatures after 6 days without irradiation. 

Comparison with a calculated exponential relationship (black dotted line) argues for a temperature 

dependency. (d) Calculation of the plasmonic field enhancement around the nanoparticle at the resonance 

wavelength. A wave with amplitude E0 = 1 is propagating in the y-direction with polarization along the x-

direction. Plotted is the magnitude |E| of the electric field E at peak time. This figure was also published by 

us. All rights belong to the authors.[3, 241]  
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6 days can be calculated for specific temperatures. While a reaction conducted at 5 °C only 

results in a TON of 104, heating to 55 °C leads to a rise in TON to a value of 708. As an 

exponential rise of the reaction rate constant is expected with increasing temperature 

according to the Arrhenius equation (cf. equation 3), the observed results were fitted using 

an exponential model. By calculating a temperature, fitting to the highest observed TON of 

1708 (AuNP-SURF-Si5: irradiated by white light (100 W), shown in figure 3.24d), a 

theoretically needed temperature of 80 °C was found. Finally, finite-time-domain-difference 

simulations – done by the physics department of the University Konstanz by Peter Baum[241] 

– show an asymmetrical intensity distribution (shown in figure 3.29d). When several 

experimentally estimated parameters of the hybrids are used for the simulation – i.e. diameter 

of nanoparticle, the thickness of the POM layer, the refractive index, etc. – a strong heating 

effect is expected. The resulting asymmetrical large increase of temperature (red) can result 

in hot spots generated by the system. The formation of such hot spots is in accordance with 

literature reports[160, 179] and explains the appearance of an increased conversion by nano-

heating effects. 

In summary, based on the results discussed above, a nano-heating effect by the used AuNP-

SURF-Si hybrids can be noted. This effect is further enhanced by using very high intensities 

(100 W) of a specific wavelength, resulting in a macroscopically measurable heating.  

However, taking a closer look at the mechanism leads to open questions. If the mechanism 

would be completely based on nano-heating effects, a significant difference in conversion 

performance of AuNP-SURF-Si5 hybrids used with blue light (100 W, TON = 1355) or white 

light (100 W, TON = 1708) irradiation cannot be explained. Additionally, an enhancement 

caused by white light irradiation did not change the macroscopic temperature of the sample. 

Moreover, the chain length dependency, observed for white and green light before, was not 

observed for high performing samples showing a strong heating effect. Hence, a second 

mechanism fulfilling a sort of resonance-based energy transfer has to occur during the 

irradiated catalysis as well. A first possibility for the second effect is an additional heat-free 

energy transfer from the nanoparticle to the POM cluster. This transfer should be dependent 

on the absorption properties of the hybrids. If this transfer contributes differently than the 

heating, an indirect proof of the transfer should be possible by changing the optical properties 

of the catalyst. Therefore, a controlled change of the absorption maximum by using gold 

nanoparticles functionalized by Si-C5-SH hybrids (AuNP-SURF-Si5) was performed. By 

creating a controlled aggregation of the AuNP-SURF hybrids, a change of the plasmonic 
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properties is assumed. Thereby, the optical properties of the nanoparticles are changed as 

well. The desired self-assembled aggregates were synthesized by adding a small amount of 

activated iron oxide (Fe2O3) nanoparticles, shown in figure 3.30a.  

 

Figure 3.30: Changes in energy transfer by building assemblies of Fe2O3 nanoparticles and AuNP-SURF 

hybrids: 

(a) Sketch illustrating the synthesis of assembled AuNP-SURF-Si5 hybrids by addition of deprotected Fe2O3-

nanoparticles, resulting in bigger aggregates (red = gold nanoparticle, cyan = POM cover layer, orange = 

Fe2O3-NP, pink = plasmonic hot spot). (b) TEM micrograph showing gold nanoparticles (d = ~50nm) sticking 

together (scale bar: 100 nm) (c) UVVIS spectra of Fe2O3 nanoparticles (dotted line), AuNP-SURF-Si5 hybrids 

(red solid line, λUV-VIS = 535 nm) and assemblies of both nanoparticles (purple solid line, λUV-VIS = 585 nm) in 

methanol. (d) DLS measurements show enlarged structures for the assemblies (purple, dH = 165 nm) 

compared to the pure AuNP-SURF-Si5 hybrids (red, dH = 55 nm) and Fe2O3 nanoparticles (dotted line, dH = 3.5 

nm). (e) Decrease in catalytic conversion from 156 % down to 53 % by using gold - iron oxide assemblies. 
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Since polyoxometalate clusters are known to coordinate strongly to Fe2O3 surfaces,[242] a 

directed interaction by using the cover layer of the gold nanoparticles seems possible (cf. 

figure 3.30a). By using Fe2O3 nanoparticles, which were activated for coordination by 

stripping of their phosphonate ligands with boric acid (cf. chapter 6 - XXIX), a system 

showing a long-term stability of several weeks was achieved. Even if the assumed 

assemblies in solution cannot finally be proven (i.e. by cryo-TEM), a first hint for their 

formation is demonstrated by TEM micrographs (shown in figure 3.30b). While the bare 

AuNP-SURF-Si5 hybrids show clearly separated particles in TEM micrographs (cf. figure 

3.22b), the assemblies are expected to stick together by the POM-Fe2O3 interactions. 

Consequently, several gold nanoparticles should assemble by coordination. These formed 

assemblies are not observable, due to drying effects. Moreover, resolution limits of the used 

TEM prevent a detection of the iron oxide nanoparticles as well. So, just gold nanoparticles 

showing a diameter of ~50 ± 11 nm (50 particles were counted) are observable. These 

nanoparticles assemble into chains during the drying process by the POM-Fe2O3 

interactions. A further proof of the correct formation of the assembled Fe2O3-AuNP 

structures is done by UV-VIS spectroscopy, shown in figure 3.30c). While the bare AuNP-

SURF-Si5 hybrids show a maximum at ~535 nm (red solid line), the assemblies have a 

broader absorption (violet solid line, λUV-VIS = 585 nm). A system showing a comparable 

absorption behaviour is known in literature by the longitudinal mode of gold nanorods (~700 

nm).[243-244] These rods show a second absorption maximum at longer wavelengths due to 

the enlarged area of electron interactions inside the rods. Thus, the arising absorption for 

higher wavelengths (up to 650 nm) reported in figure 3.30c could be a hint for a plasmonic 

interaction of some gold nanoparticles by a self-assembled structure. Finally, these 

assemblies are also observable by DLS measurements (figure 3.30d). Even though a self-

assembled structure, consisting of numerous metals (gold, iron, etc.) is expected to show 

changed physical parameters (i.e. refractive index), a significant increase in diameter is 

observed. While the AuNP-SURF-Si5 hybrids show a hydrodynamic diameter of ~55 nm, the 

addition of Fe2O3-NPs results in significantly larger structures (dH ~165 nm). Moreover, 

only a single signal is observable during the DLS measurement. Thus, the formation of 

aggregates showing an acceptable degree of polydispersity in solution with a range of 100-

200 nm in diameter can be assumed. Those aggregates are probably built by 3-5 AuNP-

SURF-Si5 hybrids (illustrated in figure 3.30a). Beside of the changed optical properties, the 

synthesized system shows further benefit by the possible formation of larger plasmonic hot 

spots. When spherical hybrids like the ones used before, assemble into larger structures, a 
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plasmonic communication of the particles is possible. Therefore, spots with an increased 

plasmonic intensity are formed (cf. figure 3.30a pink spots).[158, 229] By using the assembled 

structures as a catalyst in the test reaction (esterification of 3-phenylpropionic acid), an 

increased performance of the system is expected. Since the absorption maximum of the 

catalyst is broadened, a higher amount of energy should be absorbed by the nanoparticles 

when white light is irradiated. Additionally, a further enhancement of the catalytic 

performance of the protons coordinated to the POM-cluster is expected by the plasmonic 

hotspots. The results of the catalytic experiment are shown in figure 3.30e. When the 

assemblies are irradiated by white light (100 W) for 6 days, the catalytic performance of the 

system drops dramatically from an enhancement of 156% (noted for AuNP-SURF-Si5) down 

to 53% (Fe2O3-AuNP-SURF-Si5). Even if more energy is absorbed by the optimized optical 

properties of the system (cf. figure 3.30c), the TON decreases (figure 3.30e). Therefore, 

two possible explanations are possible. First, the number of catalytically active POM clusters 

is reduced as a significant amount of the head group is bound to the Fe2O3-NPs. When the 

POMs are used as ligands to a Fe2O3 nanoparticle, the accessibility of the cluster for 

diffusing reactant molecules might be hindered. Moreover, further effects addressing the 

POM cluster directly are possible. So, a deformation of the POM cluster can affect the acidity 

of the cluster as well. Moreover, a drain of stimulated electrons from the POM cluster to the 

iron oxide nanoparticle is possible, too. Second, heat relaxation processes could be hindered 

by the formation of large assemblies. Therefore, the diffusion of larger assemblies is slower, 

which decrease the catalytic activity due to diffusion limits. But even if the assembled 

hybrids cannot entirely prove an energy transfer, this experiment provides further insights 

into the system. While the system is absorbing a higher amount of energy, the catalytic 

performance decreases. Consequently, the additionally absorbed energy amount is not 

accelerating the chemical conversion processes. Since a macroscopic heating of the sample 

is not measurable, a loss by heat production was excluded as well. Therefore, a second 

relaxation mechanism for the absorbed energy besides the proven nano-heating appears more 

likely. This second effect is addressed by a further investigation of the “lost” energy. A 

hypothesis including this “lost” energy is the transfer of stimulated electrons to the iron-

oxide nanoparticles, removing these electrons from the catalytic process centred at the POM 

clusters. If stimulated electrons are a main part of the catalytic process, these “hot electrons” 

(cf. chapter 1.3) should be detectable by further experiments as well. Hot electrons are 

stimulated electrons showing a higher energy compared to electrons in their ground state. If 

these electrons are transferred to the POM cluster, its total charge and acidity will change 
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strongly. Consequently, an increased catalytic performance should result as well. A first hint 

for a transfer of hot electrons was demonstrated by the RGB experiments discussed in 

chapter 3.2.2 (cf. figure 3.26). Since this process mainly depends on two parameters – the 

spatial distance and the electronic conductivity of the compound – a stronger enhancement 

by short chained surfactant fits to the hypothesis of hot electrons as well. Since the electronic 

structure of a POM hybrid strongly depends on the used central heteroatom, a change in 

electronic conductivity is expected for germanium- or boron-based surfactants. As discussed 

before, these changes in electronic structure (i.e. for the electron-demand of the cluster) 

differ more for boron-based surfactants than for germanium-based ones compared to the 

silicon-based surfactants. Consequently, a significantly changed catalytic activity is 

postulated for the boron-based hybrids, while germanium-based hybrids should perform 

distance-dependent like the silicon-based ones.  

A first experiment to investigate the influence of stimulated electrons during the catalysis 

was performed by the synthesis of hybrids using POM-SH bolaamphiphiles, containing a 

changed central atom in the centre of the POM cluster (EW11O39 with E = Ge or B). After 

synthesizing hybrids in an analogous way via post-functionalization of spherical gold 

nanoparticles, these hybrids were characterized by UV-VIS spectroscopy, DLS 

measurements and TEM images as well (cf. chapter 6 – CLXXXIV & CLXXXVIII). 

Thereby, the hybrids show a similar architecture – e.g. a POM cover layer surrounding a 

spherical gold nanoparticle (d ~50 nm) – as the silicon-based hybrids (discussed in chapter 

3.2.2). Moreover, their optical properties are identical as well. By using germanium-based 

bolaamphiphiles for the catalytically active POM cover layer, a first reference series was 

prepared. These hybrids (AuNP-SURF-Ge5-10) are expected to show the same trend as the 

silicon-based hybrids, due to the identical number of valence electrons of germanium and 

silicon. Moreover, the changes in electronegativity and ionic radii are small, too.[220] Based 

on these facts, a significant change in electronic conductivity is not expected as well. A 

correlation between catalytic enhancement and chain length was observed as expected, as 

shown in figure 3.31a. While AuNP-SURF-Ge10 show an enhancement of “only” 117%, 

AuNP-SURF-Ge5 increase in conversion up to an enhancement of 275%, when irradiated 

with white light (100 W). Therefore, a chain dependent trend is observable, including all five 

surfactants. Moreover, the TONs showing the enhancement of the catalytic reaction increase 

in total numbers. While AuNP-SURF-Si10 only show an increase of conversion of 57%, it 

doubled by using AuNP-SURF-Ge10 (117%) hybrids as catalysts. This trend is observed for 
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all chain lengths, up to the shortest chains consisting of 5 methylene units (156% (AuNP-

SURF-Si5) increase to 275% (AuNP-SURF-Ge5)). The significant increase in enhancement 

is remarkable. A possible explanation is an optimized charge distribution. This is also 

indicated by the shift noticed in 29Si-NMR spectroscopy, which was discussed before (figure 

3.11a show a shift of 1.9 ppm). By changing the charge distribution of a cluster, also the 

acidity is influenced, while most of the remaining parameters (i.e. diameter of the cluster) 

remain constant. A further possible explanation is a slightly change in orbital structures of 

the POM cluster (as discussed below). 

To further investigate the impact of electronic charge distribution, a second reference series 

was probed by using boron-based POM-SH bolaamphiphiles. Thereby, an even more 

significant difference in behaviour was expected. Boron has just three valence electrons and 

 

Figure 3.31: Catalytic conversion by using silicon-, germanium- and boron-based clusters: 

(a) Relative catalytic enhancement of the catalytic conversion of 3-phenylpropionic acid by irradiation with 

white light (100 W), shown for AuNP-SURF-Ge5-10 hybrids (orange) compared to the silicon-based ones 

(blue). (b) Relative catalytic enhancement of the catalytic conversion of 3-phenylpropionic acid by 

irradiation with white light (100 W), shown for AuNP-SURF-B5-10 hybrids (green) compared to the silicon-

based ones (blue). (c) Physical distance of the catalytic active POM head group and the ω-thiol group bound 

to the gold surface, calculated by DFT calculations. (d) HOMO-LUMO-gap of the POM-SH bolaamphiphiles 

(silicon, germanium & boron; estimated by DFT calculations). 



3. Results & Discussion  96 

a smaller ionic radius.[220] Consequently, the physical properties of the cluster including its 

electronic behaviour should significantly be affected. The resulting catalytic measurements 

(figure 3.31b) show two main differences. First, AuNP-SURF-B5-10 hybrids show an 

increased catalytic activity when irradiated by white light (100 W). While AuNP-SURF-B5 

(145 %) performs similar to the silicon-based compound (156 %), the catalytic behaviour of 

hybrids with alkyl spacers containing 6 to 8 methylene units is enhanced by ~190 %. The 

best performance was observed for the surfactant showing the longest chain lengths 

(AuNP-SURF-B10 = 215%). Consequently, beside of higher TONs, the second fact is a 

complete twist of the chain dependency. For explaining these results several hypotheses can 

be stated. First, the enhanced performance of the boron-based hybrids can possibly be traced 

back to a change in acidity. Since a BW11O39-cluster requires 5 protons instead of 4 

(SiW11O39 & GeW11O39) to achieve electrochemical neutrality when they are part of a 

surfactant, an increased conversion by a larger number of protons or a higher acidity must 

be taken into account. But by having a closer look on the performances of all hybrids 

(silicon-, germanium- and boron-based ones), no significant change in conversions are 

measurable when the irradiation is turned off (TONs of 500-700, cf. chapter 6 - CLXVI). 

Since a changed acidity is a constant factor, an increased conversion would also be expected 

for reactions run in the dark. Consequently, the slightly changed acidities are no satisfying 

answer and another factor must prevail. The effect, noticed for silicon- and germanium-

based hybrids, is obviously based on a shortage of the alkyl spacer. Thereby, a shorter 

distance between the cluster and the surface, as postulated by DFT calculations shown in 

figure 3.31c, increases the TON values. If this effect also is a determining one for boron-

based catalysts (AuNP-SURF-B5-10), a similar enhancement of both short-chained 

compounds (AuNP-SURF-Si5 (156%) and AuNP-SURF-B5 (145%)) fits to our expectations. 

Consequently, a distance-dependent transfer of energy or hot electrons for short chained 

surfactants is proven. In contrast, the enhanced catalytic activity of the boron-based 

surfactants with elongated alkyl spacers can be assigned to an assisted transfer of hot 

electrons by changed electronic properties. Therefore, a change of the frontier orbital 

structure is the most probable explanation. To investigate this effect and achieve a deeper 

understanding of the occurring processes, numerous DFT calculations were performed.[239] 

By calculation of numerous orbitals – next to the HOMO (highest occupied molecular 

orbital) – LUMO (lowest unoccupied molecular orbital) gap of the surfactants – a decreasing 

energy difference between the HOMO and LUMO for all POM-SH bolaamphiphiles was 

observed (cf. figure 3.31d). This fact on its own cannot explain a switch of the catalytic 
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trend (cf. figure 3.31b). However, silicon- and germanium-based surfactants show a 

HOMO-LUMO gap of 2.20 – 4.05 eV,  dependent on their chain lengths, which fits to the 

range of semi-conducting materials.[245-246] In contrast, the boron-based surfactants show a 

gap starting at 1.17 eV for B-C5-SH (even in a semi-conductor range), decreasing to 0.11 eV 

(B-C8-SH). Calculations of B-C10-SH, showing the longest chain, even do not converge due 

to a closed-shell problem. Consequently, a calculated gap of approximately 0 eV can be 

assumed. Even if these results are calculated for molecules in vacuo and not on the surface 

of gold nanoparticles, they additionally confirm the observation of a second effect for AuNP-

SURF-Bx hybrids in contrast to AuNP-SURF-Six hybrids. Since both surfactants with an alkyl 

spacer of 5 units show a band gap in the range of semi-conductors, a fully distance-dependent 

electron transfer can be stated. In contrast, a HOMO-LUMO gap smaller than 1 eV can be 

noticed as a starting point for an orbital-assisted hot electron transfer in accordance to the 

increasing TON values for long chained boron-based hybrids. During this process excited 

enhanced electrons are transferred to the cluster, increasing the catalytic performance. By 

taking the composition of crucial frontier molecular orbitals and their energy into account, 

even more information is accessible (cf. figure 3.32). A first interesting fact is the 

localisation of the LUMO. This orbital is completely localized on the S-termini of the chains 

of the surfactants. Since the catalytic process must be centred at the POM cluster, the chain-

based orbitals can only act as an electron reservoir during the catalysis. The first unoccupied 

orbital localized on the POM cluster of Si-C5-SH is the LUMO+2 (shown in figure 3.32a – 

above left). The first POM-centred LUMO is calculated at a total energy of 5.83 eV and 

does not differ for any silicon-based surfactant. Consequently, the relevant energy gap 

between POM-centred occupied and unoccupied frontier orbitals for silicon-based 

surfactants is 4.3 eV. By increasing the alkyl chain lengths, additional unoccupied orbitals 

appear, reducing the total energy gap of the cluster-centred HOMO and the relevant 

unoccupied MOs (cf. figure 3.32a). However, this effect is not strong enough to account for 

smaller effective gaps of less than about 2 eV. The germanium-based surfactants show the 

exact same behaviour during the DFT calculations then silicon-based ones (cf. chapter 6 – 

CXV ff.). Consequently, the highly comparable properties of the silicon- and the 

germanium-based surfactants are once more revealed. Therefore, the significantly enhanced 

performance of the germanium-based hybrids cannot be traced back to a smaller HOMO-

LUMO gap. Since, the chain lengths dependent trend fits to the trend reported for the silicon-

based hybrids, an improvement by the heavy atom effect is most probable for AuNP-SURF-

Ge hybrids.  
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Figure 3.32: Frontier orbitals of POM-SH bolaamphiphiles deduced by DFT calculations (in vacuo): 

(a) Frontier orbitals for Si-C5-SH (above left) show a band gap of 4.05 eV and a cluster-centred LUMO+2 

at 5.83 eV; Frontier orbitals for Si-C7-SH (above right) show a band gap of 3.11 eV and a cluster-centred 

LUMO+4 at 5.80 eV. Frontier orbitals for Si-C10-SH (below) show a band gap of 2.20 eV and a cluster-

centred LUMO+10 at 5.78 eV. (b) Frontier orbitals for B-C5-SH (above) show a HOMO-LUMO band gap of 

1.17 eV and a LUMO+5 localized on the cluster (8.47 eV). Frontier orbitals for B-C8-SH (below) show a 

HOMO-LUMO band gap of 0.12 eV and a LUMO+12 localized on the cluster (8.52 eV). 
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As expected by the observed TON values (cf. figure 3.31b), the boron-based surfactants 

show significantly changed frontier orbitals. So, all compounds show a cluster centred 

LUMO at higher absolute energies. By subtraction of the HOMO, which is localized at the 

cluster, a POM-centred HOMO-LUMO gap can be calculated as well. The energy-gap 

between the POM-cluster and the lowest lying unoccupied cluster molecular orbital (LUMO 

+ n) is significantly reduced for B-C5-SH (2.76 eV), compared to the silicon- and 

germanium-based compounds. Moreover, a higher number of unoccupied orbitals (four 

instead of two) between the cluster centred orbitals are noticed. This trend can be noticed for 

B-C8-SH (showing 12 unoccupied orbitals centred on chains) as well, while Si/Ge-C8-SH 

only show six orbitals.  

 

Figure 3.33: Physical properties of POM-SH bolaamphiphiles:  

(a) UV-VIS spectra of AuNP-SURF-B5 hybrids (green solid line) showing a single maximum at 535 nm, while 

AuNP-SURF-B10 hybrids (green dashed line) show an additional maximum (λUVVIS = 535 nm & 600 nm. (b) UVVIS 

spectra of E-C7-SH bolaamphiphiles show absorption maxima at 261 nm (Si-C7-SH & Ge-C7-SH) and 254 nm (B-

C7-SH) (c) CV measurements illustrate a raised reduction potential for germanium (orange, -1250 mV) and 

boron-based (green, -1300 mV) bolaamphiphiles, compared to silicon-based (blue, -1115 mV) ones. (d) Orbital 

schemata illustrating the POM-centred HOMO-LUMO gap for electron transfers. The cluster-centred HOMOs 

and LUMOs are coloured (silicon = blue, germanium = orange & boron = green) while the chain-centred ones 

are black. All orbitals were estimated by DFT calculations. 
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The DFT calculations are further supported by UV-VIS and CV measurements. In 

accordance to a decreasing band gap noticed for long chained boron-based surfactants, a 

change in UV-VIS spectra of the hybrids was observed (shown in figure 3.33a). Therefore, 

AuNP-SURF-B5 hybrids (green solid line) show a single maximum (λUV-VIS = 535 nm), 

which fits to the plasmonic behaviour of the functionalized gold nanoparticles. By elongating 

the chain lengths, a second maximum is observable for AuNP-SURF-B10 hybrids (λUV-VIS = 

535 nm & 600 nm). This second maximum indicates a significantly changed electronic 

behaviour of the hybrids, which is in perfect agreement to an electronic communication of 

the nanoparticle and the POM cluster. This communication fits to the expectations due to 

the small band gap of the used surfactant, like suggested by the DFT calculations mentioned 

before. So, an electron, originally located at the gold nanoparticle, can interact with the POM 

cluster. Further UV-VIS spectra (cf. figure 3.33b) show an absorption of the POM-SH 

bolaamphiphiles, starting at ~300 nm. The first maximum of absorption for silicon- and 

germanium-based bolaamphiphiles are located at 262 nm. This energy can be related to the 

stimulation of an electron from the cluster-based HOMO to the lowest unoccupied cluster-

based orbital of a surfactant molecule. The following maxima (up to 200 nm) are related to 

an excitation of electrons to higher unoccupied orbitals. Since a wavelength of 262 nm 

corresponds to a photon energy of 4.73 eV, this value fits quite nice to the calculated cluster-

centred HOMO-LUMO gap (= 4.3 eV) of the surfactants. This absorption behaviour is 

constant for all silicon- and germanium-based compounds. Consequently, the hypothesis of 

cluster-centred electron process for the calculated orbitals seems probable. Contrary, the 

boron-based surfactant shows a maximum at 254 nm (= 4.88 eV), which is inconsistent with 

the result of a smaller band gap, indicated by the DFT calculations. Since optical (UV-VIS) 

and electronic (DFT calculations) band gaps do not necessary match each other, total energy 

values have to be considered with care. Additionally, the DFT calculations are supported by 

CV measurements (shown in figure 3.33c). First, all POM-SH surfactants solely show 

reduction features. This admission of electrons by the completely oxidized tungsten atoms 

of the POM clusters (oxidation number of tungsten = +VI) fits to the expectations. 

Additionally, the very low EP-values (cf. chapter 6 – CIII ff.) indicate a multi-electron 

process. This also fits well, since lacunary POM clusters are C2-symmetrical. Therefore, two 

tungsten atoms of the POM cluster are chemically identical. This was also shown by a 

doubled intensity of the occurring signals observed by 183W-NMR spectroscopy before (cf. 

figure 3.5d). These reduction processes occur at very negative values. While silicon-based 

surfactants show a first reduction process at -1115 mV, germanium-based ones reduce 
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at -1250 mV and boron-based ones at -1300 mV. This shift to more negative potentials also 

indicates a shift of the addressed LUMO to higher energie.[247-248] Consequently, a 

localization of additional not stimulated electrons at the POM clusters seems less probable 

for germanium- or boron-based POM surfactants. So, an increased catalytically performance 

of the reaction should just be able by a transfer of stimulated “hot electrons”. 

In summary, a second mechanism for the catalytic acid conversion of 3-phenylpropionic 

acid by AuNP-SURF-Ex hybrids was postulated. Since, a broadened absorption behaviour – 

resulting from a controlled aggregation of the hybrids using Fe2O3 nanoparticles – does not 

show increased conversion, due to an inactivation of the POM clusters, a second mechanism 

became more probable. By comparing the catalytic activity of silicon- and germanium-based 

hybrids, a chain length dependent increase in activity by a hot electron transfer process was 

stated. This trend was further investigated, when boron-based surfactants were used. By 

comparing DFT calculations of all surfactants, a significantly smaller energy-gap for cluster 

centred orbitals, supported by a higher number of unoccupied orbitals was observed for the 

boron-based compounds. Based on these results, a transfer of hot electrons from the 

nanoparticle to the POM cluster assisted by the electronic architecture of the boron-based 

surfactants was getting more probable. 

By several results presented before, the hypothesis of an orbital-assisted transfer of 

stimulated “hot electrons”[158, 249] is proven. So, these high-energy electrons, which can only 

be generated by light fitting to the plasmonic resonance of the nanoparticles (i.e. green light), 

are able to move to an unoccupied cluster orbital. If these electrons reach the unoccupied 

orbital of a POM cluster, they can assist the occurring reaction. This electron transfer 

depends on two key factors. First, the spatial proximity of the surface of the nanoparticle and 

the catalytically active centre (POM cluster). If the spatial proximity is high enough (i.e. for 

AuNP-SURF-Si5 hybrids), a distance-dependent transfer of hot electrons without any orbital 

interactions can occur. When the distance (e.g. by longer alkyl chains) is increased, this 

transfer is gradually hindered. Secondly, the electron transfer depends on the availability of 

unoccupied orbitals, building a stairway to the POM-centred lowest unoccupied cluster 

orbital. While the energy difference in silicon- and germanium-based surfactants is too large 

for such an electron hopping, a mechanism based on the electron transfer by unoccupied 

orbitals is possible for boron-based hybrids (cf. figure 3.33d). By a smaller electronic 

distance and a larger number of bridging orbitals, this mechanism gets more probable. If this 

hypothesis is correct, two modifications of the existing system should be able to improve the 
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catalysis. First, by use of an electronic conductive chain instead of alkyl chains for the POM-

surfactant, the catalytically performance should increase significantly. Since aromatic chains 

are able to conduct electrons, an aromatic POM-SH surfactant should show higher 

conversion rates by an increased transfer of hot electrons at the POM cluster. Since the 

number and energy of hot electrons strongly depend on the shape of the plasmonic 

nanoparticle (cf. chapter 1.3), more anisotropic nanoparticles should result in a higher 

number of hot electrons by building plasmonic maxima at corners or edges.[158] These higher 

number of hot electrons should result in higher conversion rates, as well. In the following 

part, these systems will be investigated for verifying a hot electrons transfer based catalytic 

mechanism. 

At first the possibility for an improved electron transfer of the surface electrons by aromatic 

chains was investigated. By using modified chains for the synthesized POM-SH surfactants, 

such a system was designed. The chain was built up by a para-substituted thiophenol with a 

vinyl siloxane at the para-position (cf. figure 3.34a). By using the siloxane as a linkage, the 

aromatic POM surfactants were obtained. The surfactants were synthesized by linkage with 

silicon-, germanium- and boron-based POM clusters, resulting in three POM-SH compounds 

with π-conjugated spacers. The synthesis of these surfactants is shown in chapter 6 – XXII 

ff., while the molecular characterization is demonstrated in chapter 6 – LXXVII ff. All 

compounds were characterised via multi-hetero NMR- and IR-spectroscopy and ESI-MS 

measurements. Next, gold nanoparticle hybrids were synthesized by post-functionalization 

of spherical gold nanoparticles, yielding three new catalysts (AuNP-AROM-E with E = Si, 

Ge & B). These catalysts were once again analysed regarding their correct architecture and 

optical properties via DLS measurements, UV-VIS spectroscopy and TEM micrographs (cf. 

chapter 6 - CXC). The developed catalysts show two significant differences compared to 

the alkyl-based hybrids discussed before. First, a drastically reduced long-term stability in 

methanol solution was observed. While the alkyl-based catalysts show a high stability of up 

to months, AuNP-AROM-E hybrids are stable for only three to five days. This fact can be 

explained by a lower flexibility of the aromatic chains compared to the alkyl chains. While 

alkyls can twist and rotate, aromatic compounds are comparatively rigid.[221] Due to this 

decreased flexibility, reorganisation processes and evasive actions of the surfactant are 

hindered. So, in the case of the aromatic compound, the attached surfactants are not able to 

twist or vibrate anymore. While the alkyl-based hybrids can absorb vibrations by twisting 

(e.g. caused by the nanoparticle due to heat), the aromatic-based ones cannot. Additionally, 

the boron-based hybrids are less stable than the others. This is probably caused by the 
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increased charge of the POM cluster (total molecular charge changes from 4- to 5-), which 

destabilize the POM layer by increased Coulomb interactions. Thus, AuNP-AROM-E 

hybrids start to coagulate within one day. Obviously, this is a major problem for observing 

a catalytic reaction, since a constant concentration of the catalyst is indispensable for gaining 

reliable data.  

Due the comparably lower stability of the invented aromatic hybrid systems, shorter catalytic 

reaction durations of only up to two days were chosen. Even by observing only a period of 

2 days the coagulation of AuNP-AROM-B was noticeable.  Nevertheless, the boron-based 

hybrid performs very well when the irradiation with white light (100 W) is performed. 

Therefore, a TON of 1069 was observed (cf. chapter 6 – CLXV), resulting in a percentage 

 

Figure 3.34: Catalytic performances of aromatic-based POM surfactants: 

(a) Molecular structure of the aromatic-based POM surfactants (EW11O39-Si2O-(C8H7SH)2 with E = Si, Ge, B) 

illustrated by the silicon-based compound (structure was optimized by DFT calculations). (b) Catalytic 

conversion of aromatic surfactant-based hybrids showing significantly higher conversion rates for silicon (= 

350 %) and germanium = (333 %) based hybrids (boron = 175%). (c) Distance of the catalytic active centre 

(POM) and the surface of the nanoparticle (estimated by DFT calculations) for alkyl- and aromatic-based 

surfactants. (d) Catalytic conversion of an aromatic surfactant (Silicon = 350%) based hybrid compared to 

alkyl-based ones. (e) Sketch illustrating the main orbital localisations (HOMO = 1.22 eV, LUMO = 4.64 eV & 

LUMO+4 = 5.58 eV) and the spatial distance (8.85 Å) of the aromatic surfactant.  
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enhancement of 175 % compared to the sample kept in darkness (result is shown in figure 

3.34b). This strong enhancement was additionally improved by the performance of AuNP-

AROM-Si/Ge hybrids. These hybrids stay completely stable for 2 days, while they show a 

remarkable increase in conversions by 333 % (AuNP-AROM-Ge) and 350 % (AuNP-AROM-

Si), when irradiated with white light (100 W). The high values are a very promising hint for 

the postulated electron transfer to the catalytic centre. By comparing these values to the 

alkyl-based surfactants, the distance of the cluster and the surface plays a decisive role. 

When the nano-heating effect and even the transfer of electrons are both distance dependent, 

a comparison to surfactants showing a similar gold-POM distance would be desirable. By 

using the information, obtained from DFT calculations, the distance of the POM cluster and 

the gold surface can be illustrated by figure 3.34c. Thereby, a distance of 8.85 Å was 

calculated for the aromatic POM-SH compounds. This distance is in-between of a pentane-

based (8.25 Å) and a hexane-based (9.58 Å) surfactant (cf. figure 3.34c). In comparison to 

these two hybrid systems, AuNP-AROM-Si performs very well. While the aromatic system 

shows an enhancement by 350%, AuNP-SURF-Si5 show only 109% and AuNP-SURF-Si6 

165% after an irradiation time of two days (cf. figure 3.34d). If the enhancement would just 

be distance dependency driven, a further improvement of the catalysis up to 350% would be 

impossible. Therefore, the two-fold enhancement by an electron conducting chain of the 

aromatic hybrids (AuNP-AROM-Si) can be noticed as a final proof of a second effect.  

In summary, a transfer of hot electrons by an electron conducting mechanism during the 

catalysis was proven. Thereby, gold nanoparticle absorbs the irradiated light and support the 

catalysis by sending the hot electrons through the aromatic chain to the POM cluster 

(illustrated in figure 3.34e).  

A further proof of the requirement of hot electrons for the catalytic process will be 

demonstrated by varied nanoparticles. Since the plasmonic properties of a nanoparticle are 

determined by the nature of the metal of the nanoparticle and its shape (cf. chapter 1.3),[212, 

250-251] a change of these parameters should alter the number of hot electrons generated. 

Consequently, the catalytic performance of the hybrids should change, too. By using 

nanoparticles showing an anisotropic shape, the degrees of conversion are expected to 

increase by a larger number of transferable hot electrons. By synthesizing so-called “nano-

stars”[252] by a seeded-growth method published by Yuan and co-workers (cf. chapter 6 – 

XXXI),[253] anisotropic potato-shaped nanoparticles were obtained. While isotropic 

nanoparticle hybrids (shown in figure 3.22) show an absorption up to ~600 nm (cf. figure 
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3.35a, dashed line, λUV-VIS = 535 nm), anisotropic shaped nanoparticle hybrids (figure 

3.35b) absorb the complete spectrum of ultraviolet and visible light (cf. figure 3.35b, solid 

line, λUV-VIS = ~650 nm). Beside of the changed optical properties, also their changed 

architecture was proven by TEM micrographs and DLS measurements. So, the anisotropic 

structure was confirmed by TEM micrographs, exemplarily shown in figure 3.35b. Thereby, 

hybrids with a diameter of 100 ± 15nm and an anisotropic architecture were observed.  

Moreover, this result was confirmed additionally by DLS measurements (cf. figure 3.35c). 

While the spherical nanoparticle hybrids used before show a hydrodynamic diameter of ~50 

nm (dashed line), the anisotropic ones are significantly larger in diameter (solid line, dH = 

~90 nm). Thereby, a slight difference in size estimated by DLS and TEM measurements was 

 

Figure 3.35: Changed catalytic performances by variation of the plasmonic properties of the nanoparticles: 

(a) UV-VIS spectrum of spherical gold nanoparticle hybrids (dashed line, λUV-VIS = 535 nm) and anisotropic gold 

nanoparticles hybrids (solid line, λUV-VIS = ~650 nm). (b) TEM micrograph of anisotropic gold nanoparticles 

(scale bar: 100 nm). (c) DLS measurement of spherical gold nanoparticles (dashed line, dH = ~50 nm) and 

anisotropic gold nanoparticles (solid line, dH = ~90 nm). (d) Catalytic conversion of spherical gold nanoparticle 

hybrids (black, 109 %) and anisotropic gold nanoparticles (blue-red, 465 %) after an irradiation with white 

light for 2 days (100 W).  
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observed. This underestimating of the size by DLS measurements can be traced back to the 

anisotropic architecture as well. Since, the nanoparticles show changed optical properties 

due to this characteristic structure, slight differences occur by recalculating the measured 

scattered intensities for gaining the hydrodynamic diameter. Moreover, the hydrodynamic 

diameter is calculated by the basic assumption of a spherical structure. Consequently, a 

second deviation can be assumed. In contrast to these problems, the finally determined 

hydrodynamic diameter fits well to the data gained by TEM micrographs. Consequently, the 

synthesized anisotropic hybrids were used as catalysts for the acid-catalysed esterification 

of 3-phenylpropionic acid. Like the aromatic hybrids discussed before, a decreased stability 

was observed. The anisotropic particles are stable for approximately 3 days. This loss in 

stability was assigned to the changed architecture as well. Since the hybrids show a rough 

surface, a perfect shell protecting the nanoparticle against coagulation cannot be formed so 

easily. Consequently, the conversion of the hybrids was compared after a period of 2 days. 

The resulting relative increase in conversion is illustrated by figure 3.35d. Thereby, a 

significant enhancement by the irradiation of the hybrids was observed. While the spherical 

AuNP-SURF-Si5 hybrids reach an enhancement of 109 % after two days of irradiation with 

white light (100 W), the anisotropic ones raise the conversion by up to 465 % (cf. figure 

3.35d). This strong effect cannot only be deduced from an increased energy consumption by 

the extended absorption spectrum. So, the hybrids formed by controlled coagulated 

nanoparticles shown in figure 3.31 also show a comparably extended absorption behaviour, 

but still a decreased conversion. Consequently, an increased light absorption on its own is 

not enough for a strong enhancement in catalytic performance. Thus, the postulated 

plasmonic hotspots, which should be formed at the edges and corners of the anisotropic 

nanoparticles,[125, 153, 158] must be essential. Apart from an increased number of hot electrons, 

an increased nano-heating effect is expected as well.[151, 254] Since the anisotropic hybrid 

systems do not heat up macroscopically (isothermal conditions are observed), a further 

utilization of the energy beside of a nano-heating seems to be decisive. Consequently, the 

formation of hot electrons at the corners of the anisotropic nanoparticles is strongly 

increased. These electrons can jump in a second step by overcoming the alkyl-chain to a 

lowest unoccupied cluster-centred orbital. Finally, by spending their energy, the TON values 

increase strikingly. 
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Sketch 3.36: Overview over the different mechanisms of the catalytic enhancement by light of AuNP-SURF-

Ex or AuNP-AROM-E hybrids (E = Si, B or Ge and x = 4-10):  

These are based on nano-heating (above) and electron transfer of hot electrons (below). While red and blue 

light support a nano-heating of the hybrids, the electron transfer of hot electrons is caused by green light. 

Thereby, a transfer of electrons to unoccupied cluster-centred orbital (magenta/grey) occurs by a distance-

dependent hopping (below – left). Moreover, it can be supported by unoccupied orbitals located on the 

chains (cyan/white) (below – right). 
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To conclude the insights of this chapter shortly, a mechanism for the observed enhancement 

of a catalytic system by light is postulated (cf. sketch 3.36). The developed catalytic system 

consists of a plasmonically active metal nanoparticle and a catalytically active POM 

surfactant. This surfactant is strongly bound by a thiol linkage to the surface of the 

nanoparticle. By irradiating the dispersed AuNP-SURF-Ex or AuNP-AROM-E hybrids with 

light, an enhancement of the acid-catalysed esterification can be noticed. This enhancement 

is based on three mechanisms. First, a support of the reaction by heat occurs. Due to a non-

linear enhancement by blue and red light of different intensities, a raise in temperature in 

direct proximity to the surface of the particle can be noticed (cf. sketch 3.36 - upper part). 

This nano-heating increases the TON values independent of distance in a chain length 

independent way. Moreover, a second effect is observable by using light matching the 

resonance wavelength of the plasmonic band (e.g. green light). This effect increases the 

catalytic performance strongly without any signs for heating and can be divided into two 

sub-mechanisms. So, a strong distance dependency was proven based on a non-conductive 

electron hopping for AuNP-SURF-Si/Gex hybrids (cf. sketch 3.36 – below left). This 

enhancement can further be strongly supported by using surfactants, enabling a π-conductive 

electron transfer to the POM cluster (cf. sketch 3.36 – below right). This effect appears in 

the case of a small band gap and additional unoccupied orbitals (AuNP-SURF-Bx) or an 

electron conductive chain (AuNP-AROM-E). These hot electron transfer processes were 

further improved by an anisotropic nanoparticle architecture. So, an enhanced electron 

transfer can be gained by the tips of the particles, showing plasmonic hotspots. By 

transferring these hot electrons to the cluster, superior catalytic activities can be achieved. 

When white light is used during the irradiation, both mechanisms can be triggered for 

reaching a highly effective enhancement of the reaction. 
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4. Concluding remarks and outlook  

 

During this thesis the synthesis and characterization of POM-SH bolaamphiphile based 

systems and their resulting gold nanoparticle hybrids was aimed (cf. sketch 3.37). By linking 

lacunary POM clusters and organic mercapto-triethoxysilane precursors, compounds with 

amphiphilic properties were developed. In a first step, their molecular architecture and self-

assembly behaviour in aqueous solutions was investigated. Furthermore, the stability of 

these compounds was examined, resulting in a mechanism for their decay in aqueous 

solution (sketch 3.37 – middle part).  

By using these surfactants for gold-based hybrid nano-systems, a catalytically active system 

was developed. After a complete characterization regarding its molecular and nano-scaled 

structure, its catalytic performance was evaluated by an acid-catalysed esterification. When 

the catalytic activity was proven successfully, an enhancement by the irradiation with light 

was investigated. Thereby, a three divided mechanism was clarified. First, a not distance-

dependent enhancement by nano-heating based processes was evidenced.  By experiments, 

based on changed intensities of light and changed reaction temperatures, this mechanism 

was successfully identified (sketch 3.37 – below/left). Moreover, a second mechanism, 

based on the transfer of hot electrons was proven as well (sketch 3.37 – below/right). 

Thereby, hot electrons – created by light fitting to the plasmonic maximum of the nano-

structures – are transferred to unoccupied orbitals of the polyoxometalate clusters. This 

transfer can occur by two different mechanisms. So, a distance-depending hopping of 

electrons was evidenced by wavelengths dependent experiments using silicon- and 

germanium-based POM surfactants as catalytic active centres. In contrast, an assisted 

transfer of hot electrons by unoccupied orbitals (boron-based hybrids) or electronic 

conductive chains (aromatic-based hybrids) was proven additionally. Finally, these hot 

electron-based mechanisms were confirmed by the usage of anisotropic shaped 

nanoparticles, showing a very strong enhancement of 465 %. Therefore, a light enhanced 

catalysis by POM-SH-gold hybrids, basing on nano-heating and hot electron transfer 

processes was demonstrated successfully.    
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Sketch 3.37: Conclusion. 

By synthesizing POM-SH bolaamphiphiles, metal-containing surfactants, were obtained. Beside of their self-

assembly behaviour in aqueous solutions (centre), decomposition process - resulting in a mechanism of decay 

– were investigated (middle part). By creation of surfactant – gold nanoparticles-based hybrids a usage in 

plasmon-enhanced catalysis was shown. Thereby, a mechanism, based on nano-heating and a hot electron 

transfer by the irradiation of light was achieved (below). 
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These results are very promising for further projects in research. First, a use of POM-SH 

bolaamphiphiles in drug-delivery systems can be proposed. Due to strong POM-Thiol 

interactions, self-assembled structures in aqueous solutions are even at high temperatures 

perfectly stable. Since several POMs are medically unproblematic, a usage of the surfactant 

itself in medicine, i.e. as a cancer therapeutic, is literally known.[81, 83-84] So, the interior of 

the formed vesicular aggregate structures enables the incorporation of e. g. drug molecules.  

In this context, also the decreased long-term stability (mentioned in chapter 3.1.2) acts as a 

benefit due to an improved biodegradability. A first step for realizing this promising goal 

was reached during this Ph.D. project by a student-internship.[255] By using a azo-dye based 

compound as side chain of the POM surfactant, switchable POM-SH bolaamphiphiles were 

synthesized (cf. figure 3.38a). By irradiating a solution of the switchable POM-SH 

surfactant with UV light (ν = 313 nm), a chain folding of the surfactant started by an external 

 

Figure 3.38: Outlook  

(a) Azo dye-based POM-SH surfactant vesicles can be switched by using UV light (313 nm). (b) UVVIS spectra 

– measured 1 per hour for 9 hours show a decrease in intensity at λ = 325 nm. (c) DLS measurements 

performed on a regular base (1 per hour for 9 hours) show an enlargement of the vesicular structures (dH = 

50 up to 150 nm) (d) Sketch of a palladium-functionalized POM-SH surfactant ([BW11O39-SiO-

(C8H16SH)Pd(PPh3)]). (e) ESI-MS spectrum of a palladium-functionalized POM-SH surfactant (shown in (d)) (e.g. 

H4[BW11O39-SiO-(C8H16SH)Pd(PPh3)] = 1609.69; black = measured data, pink = simulation). 
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trigger was observable. This was proved by a decrease in intensity, caused by changed 

optical properties of the folded azo chains (figure 3.38b). The switched architecture of the 

chains results in disordered vesicles and a reformation of the vesicles to larger structures 

showing a hydrodynamic diameter of ~150 nm (figure 3.38c). Hence, a loaded drug could 

be released during such a process. A further promising approach is a variation of the used 

POM clusters in the investigated catalytic process. By using more specific clusters, catalytic 

process showing a higher relevance for our daily life are achievable. A first example for a 

more suitable catalytic POM-SH surfactant can also be illustrated by this project. By the 

synthesis of a POM-SH surfactant, containing a palladium atom (cf. figure 3.38d) and its 

characterization via ESI-MS (cf. figure 3.38e), a promising candidate was achieved. Since 

palladium is one of the most used catalytic active elements, e.g. used during cross-coupling 

reactions (Negishi[256-257] or Stille[258] coupling), such a catalyst is very promising. Therefore, 

by using a further functionalized POM-SH surfactant for the synthesis of AuNP-SURF 

hybrids, numerous interesting catalytically active systems should be reachable in future. 
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Methods 

 

Synthetic Conditions. Unless stated differently, synthesis was performed using general Schlenk 

techniques under argon atmosphere. The solvents were dried according to standard literature[259] and 

stored under argon. All starting materials used for synthesis were purchased from commercial 

sources (Sigma-Aldrich or ABCR chemicals). 

 

Analytical Methods. NMR measurements (1H, 11B, 13C, 29Si, 31P) were performed on a Varian 

Unity INOVA 400 Spectrometer. The 183W-NMR-spectra were recorded on a Bruker Avance III 600 

MHz Spectrometer with 10 mm NMR tubes. ESI-MS data were acquired on a Bruker microtof II 

system. The solutions were injected directly into the evaporation chamber. SAXS was acquired on a 

Bruker Nanostar system equipped with pinhole collimation and Cu-Kα radiation. The samples were 

placed between X-ray transparent mylar foils and were measured in an evacuated chamber. For 

avoiding the contamination of the measurement chamber, samples were dried prior to use. TEM was 

acquired on a Zeiss Libra 120 system and a JEOL JEM-2200FS. The dry sample was placed directly 

on carbon-coated copper grids. HR-TEM images have been taken with a JEOL JEM 2200FS with 

an acceleration voltage of 200 kV. The individual surfactant samples have been prepared from 

aqueous solutions on copper TEM grids with a carbon coating and a net distance of 400 mesh. DLS 

(Dynamic light scattering) measurements were done by using a Malvern ZEN5600. UV/VIS 

spectroscopy was performed on a Varian Cary 100. Pictures done by polarization microscopy were 

photographed with an Olympus CX41 light microscope. Surface tensions between aqueous 

surfactant solutions and air were measured at 25 ± 1 °C using a Krüss drop shape analysis DSA1 

apparatus. This instrument obtains spatial coordinates of a drop edge (shape and size), which are 

used to calculate the surface tension. The calibration used the surface tension of pure water. Surface 

Tension measurements were performed at a Krüss K100. Cyclic voltammetry (CV) was performed 

in a one compartment cell with a platinum working electrode (Ø = 1.1 mm, BASi) that was polished 

with diamond paste (1.5μm and 1μm in particle size) from Buehler & Witz. As reference, an Ag-

wire pseudo reference and a Pt-wire as auxiliary electrode were used. The compartment cell was 

filled with 7mL dried and degassed DMSO and 20mg NBArF as supporting electrolyte solution in 

order to determine the baseline before the surfactant was added. A BASi Epsilon potentiostat was 

used and oxidation potentials were calculated from the used internal standard: ferrocene. All 

measurements were done under inert gas atmosphere. Geometry optimization and frontier orbital 

calculation was performed using Density-Functional Theory (DFT) with the TURBOMOLE 

Program Package for ab initio Electronic Structure Calculations using B3LYP/def2-TZVP level of 

theory. TURBOMOLE V7.1, a development of University of Karlsruhe and Forschungszentrum 

Karlsruhe GmbH, 1989- 2007, TURBOMOLE GmbH, since 2007; available from 

http://www.turbomole.com.  
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Analytical methods 

Nuclear magnetic resonance (NMR) spectroscopy 

 

One of the most important methods during 

this PhD-project was nuclear magnetic 

resonance (NMR) spectroscopy. A NMR 

setup, is built up by an elaborate cooling 

system including a liquid nitrogen and 

liquid helium dewar (cf. figure 6.1a). Due 

to this setup, very high (up to 21 tesla) and 

homogenous magnetic fields (1 part in 109) 

can be realized.[260] By using theses 

magnetic fields, a liquid sample – placed in 

a spinner – can be measured. By solving a 

compound in a deuterated solvent (for 

preventing an intensive solvent signal), a 

molecular compound can be analysed due 

to its chemical structure. Therefore, a 

closer look to the magnetic moment (µ) of 

a single nucleus is necessary (cf. figure 

6.1b 1st row): 

� �  � ∗ �  Equation 4 

[P = angular moment, γ = magnetogyric 

ratio (γ)]  

Since γ is constant for each isotope of an 

element, the magnetic moment is defined as 

a vector quantity due to P. By using a strong external magnetic field (B0), these microscopic magnetic 

moments can be aligned to the direction of the external magnetic field (cf. figure 6.1b 2nd row). The 

difference in energy, between to aligned states, can be described by the Lamour frequency (ν): 

� �   � ∗ !"(#$)  Equation 5 

Consequently, the measurable differences between to states, which are the underlying principle for 

the afforded spectra in the end, strongly depends on the strength and quality of the magnetic field 

and the observed nuclei. By using a magnetic pulse, the magnetic moment of a nucleus can be 

switched into a certain orientation (e.g. from the z-axis to the xy-plane, cf. figure 6.1b 3rd row).[181] 

 

Figure 6.1: principles of NMR spectroscopy: 

(a) cutaway diagram of a NMR spectrometer inclusive 

superconducting magnet.[260] (b) physical principle of 

nuclear magnetisation and their deflection by magnetic 

pulses.[181] (c) Conversion of an overlapping FID signal by 

Fourier Transformation resulting in numerous separated 

signals, basing on different frequencies.[261] 
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When the switched magnetic moment relaxes back to its original orientation, a decreasing signal can 

be detected. This so-called FID (free induction decay) can further be transformed to our striven 

spectrum (cf. figure 6.1c 1st row). A main issue that has to be overcome is the high number of 

overlapping signals. Since the magnetic moment of a nucleus is influenced by the surrounding nuclei 

and their electronic behaviour, each nucleus shows a different relaxation behaviour. A first assistance 

is the magnetogyric ratio. Therefore, each isotope (if it shows a spin of n/2) can be measured 

separated by a defined pulse frequency. Consequently, a measured FID is “just” built up by the 

addition of several frequencies of differently bonded atoms (e.g. 1H atoms). These sinus-wave 

formed signals differ by their intensity (due to the number of equal nuclei in a molecule) and 

frequency (electronic surrounding). By using the mathematical method of Fourier Transformation, 

the FID signal can be split up to these different waves and be transformed from a time- to a frequency-

dependent signal (cf. figure 6.1c).[261]  

During this PhD-project 1H-, 11B-, 13C-, 29Si-, 31P- and 183W-spectra are recorded and interpreted for 

confirming the chemical structure of the synthesized POM-SH hybrids. Therefore, the evaluation of 

hetero-NMR experiments (i.e. 29Si-NMR) is a main factor. Keggin clusters are built up by a central 

EO4-tetrahedron (E = P, Si, Ge & B) surrounded by WO6-octahedrons (cf. figure 6.2a). Therefore, 

the chemical surrounding of the heteroatom is a reliable indicator for a correct POM structure. 

Additionally, cluster-centred decomposition 

processes can be observed by time-dependent 

measurements. Moreover, a characterization of the 

organic chains can be done by 1H- and 13C-NMR 

spectroscopy.  An example for a 1H-spectrum of 

methoxyethane is shown in figure 6.2b. This simple 

organic compound has three different chemical sets 

of protons. Therefore, three separated signals can be 

observed. If the area - included by the peak and the 

base line is integrated - the number of different 

protons can be calculated (cf. figure 6.2b inlet). So, 

a ratio of 2:3:3 can be observed (left to right). 

Additionally, a further information can be received 

by this spectrum. Each signal is split up by the 

protons in its direct environment according to the 

Pascal’s rule into multiplets.[262] Thus, the protons of the methylene unit are split up by 3 protons of 

the methyl group, resulting in a quartet. Contrary, the methoxy group is not directly bound to any 

proton containing units. Therefore, its singlet is not further split to any multiplets. Moreover, by 

integrating the signals of the synthesized product during the plasmon-supported catalysis, the 

conversion during this process was calculated.    

 

Figure 6.2: evaluation of NMR spectra: 

(a) Keggin cluster (violet = EO4 tetrahedron with 

E = NMR active heteroatom) (b) 1H-NMR 

spectrum of methoxyethane simulated by using 

ChemDraw showing a singlet, triplet and quartet 

(inlet: relative number of protons by integration). 
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Electrospray ionization mass spectrometry (ESI-MS) 

A further important analytical method is electrospray ionization mass spectrometry (ESI-MS). By 

this method, the molecular structure of a chemical compound can be determined, too. Therefore, a 

highly diluted solution of the sample is prepared, using a low-boiling solvent.[265] The solution is 

ionized by a electrospray ionization (ESI) process and analysed by a mass detector (cf. figure 

6.3a).[183] The results gained this way are plotted by their mass to charge ratio and intensity. Figure 

6.3b illustrate an exemplarily ESI-MS set-up.[263] By using a ionized solution, which is separated by 

a mass analyser and finally observed by a detector, Fenn and co-workers realized the principle of 

 

Figure 6.3: Electrospray ionization mass spectrometry (ESI-MS) 

(a) Main components of an ESI-MS spectrometer.[183] (b) sketch of a complete, detailed ESI-MS setup 

including ionization needle (ion source) and quadrupole mass spectrometer.[263] (c) schematic 

representation of an electrospray ionization process, including solvent evaporation and coulomb 

explosion.[183] (d) Representation of a quadrupole mass analyser, sorting ions by an alternating radio-

frequency.[264] Simulation of a 3-times (e) respectively 2-times (f) negatively charged POM surfactant, 

showing a distinctive isotope pattern with four/three peaks within 1 mass to charge area. 
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ESI-MS in 1988.[263, 266] Since an ESI-MS can easily measure mass to charge ratios of proteins up to 

100,000 Daltons, this technique became very popular during the next 2-3 decades.[267] To achieve 

such high resolutions even by analysing bio-molecules, a very gentle and effective ionization is 

necessary. This is realized by a stepwise ionization of dissolved molecules.[268] Therefore, the 

solution is pumped into a stainless steel or quartz capillary, which is maintained at a high voltage (up 

to 6 kV).[269] This results in finely sprayed droplets, when the solution passed the tip of the capillary 

(cf. figure 6.3c).[183] These droplets are transported to the analyser while they further decrease in size 

by either evaporation induced by an additional nitrogen gas stream or an increased temperature. 

When a droplet reached its minimal size by shrinking, a Coulomb explosion occurs. Thereby, the 

Coulomb forces caused by the charged molecules inside (caused by the ionization before) and the 

minimized distances (shrinking of the droplet) result in an explosion of the droplet. By this way, 

ionized molecules flying in a gas stream can be generated. These molecules are analysed by a mass 

detector. Frequently, a quadrupole mass analyser is used as detector, which consists of 4 parallel 

electrical rods (cf. figure 6.3d).[264] By applying a direct current potential to two of them and an 

alternating radio-frequency potential to the other ones, ions can be separated by their mass to charge 

ratio. Therefore, only one specific kind of molecule ion can reach the detector at the same time. By 

varying thousands of frequencies during a measurement, a complete analysis can be achieved. 

Further types of detectors are quadrupole ion trap (QIT), time-of-flight (TOF) and Fourier 

transformed ion cyclotrone resonance (FT-ICR) detectors.[184, 264] 

A first indication of a successful preparation of a desired compound can be provided by the analysis 

of the mass to charge ratio (m/z) (cf. figure 6.3e). By looking for a correct molecular mass of a 

unipositively or uninegatively charged molecule, a compound can often be identified. Moreover, 

many elements contribute to the spectrum with a characteristic isotope pattern. Since, most of the 

elements show several natural isotopes with different abundancies (e.g. tungsten shows 5 different 

ones),[220] molecules show more than a single m/z peak during a measurement. By measuring 

hundreds of molecules at a “single” mass, multiple peaks showing different intensities (according to 

their natural abundance) result. An illustrating example can be demonstrated by the mass spectra of 

a POM-SH surfactant. Due to the molecular formula of the surfactant H42C20O40Si3S2W11, numerous 

isotope combinations are possible. Consequently, a “single” m/z ratio causes a gauss-shaped isotope 

pattern, including ~30 individual peaks. A further information can be gained by the mass separation 

of these isotope peaks. While figure 6.3e shows 4 peaks within 1 mass to charge area (1039.49 – 

1040.49), figure 6.3f shows just three (1570.23 – 1571.23). This is caused by the different charges 

of the detected molecules. While the measured data shown in figure 6.3e addresses tri-negatively 

charged molecule, the molecule of figure 6.3f is just di-negatively charged. Due to a reciprocal 

relation, an increase in charge results in closer stacked signals. Therefore, the elemental composition, 

their charge and the molecular structure of dissolved chemical or biological compounds can be 

investigated by ESI-MS.  
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Cyclic voltammetry (CV) 

By CV measurements electron transfer processes of organic or inorganic molecules or even semi 

conductive materials can be monitored.[270] Therefore, an electrolyte solution, including the analyte 

substance and a reference substance (e.g. ferrocene) is prepared in a CV cell (cf. figure 6.4a). By 

using three electrodes – a working electrode, a counter electrode and a reference electrode – the redox 

properties of a molecular compound can be probed. The electrolyte must be purifiable, 

(electro-)chemically inert regarding oxidation and reduction processes and able to dissolve 

sufficiently high concentrations of the used 

solids.[187] Consequently, a dimethyl 

sulfoxide (DMSO) - Tetrakis[3,5-

bis(trifluoromethyl) phenyl]borate (BArF
4) 

solution was used herein as electrolyte. By 

applying a potential difference between the 

working electrodes and the reference 

electrode, electron transfer processes can be 

observed. These processes can be reversible 

or irreversible, oxidative or reductive. The 

resulting data is most commonly plotted as 

a potential-current diagram shown in figure 

6.4b. Thereby, a reduction can be noticed 

by a positive current, while an oxidation 

results in a negative peak. If both processes 

are measurable during a cyclic 

measurement, the electron transfer process 

of the compound is reversible.[271] An 

additional benefit can be realized by the 

observation of the splitting of both maxima 

(ΔEP-value) . If this one is in a very low 

range, e.g. ΔEP ~ 30 mV, a multi-electron 

transfer process is reasonable to assume. 

Therefore, the reduction potential, the 

number of transferred electrons and the reversibility of the processes, which is expectable by using 

different POM-based surfactants, were estimated.   

  

 

Figure 6.4: Cyclic voltammetry (CV): 

(a) Schematic representation of an electrochemical cell for 

CV measurements.[187] (b) Schematic CV measurement 

reported in US convention.[187] 
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Dynamic light scattering (DLS) and pendent drop method 

Moreover, basic properties of surfactants dissolved in an aqueous solution (e.g. self-assembled 

aggregates) are discussed. A first opportunity is a dynamic light scattering (DLS) measurement.[274] 

DLS is based on the intensity of scattered light, for estimation of the size of dissolved or suspended 

structures, e.g. surfactants, 

proteins[275] or nanoparticles[276-

277]. To measure the 

hydrodynamic diameter of a 

suspended particle, the 

suspension is illuminated by a 

laser (cf. figure 6.5a).[272] 

Thereby, the scattered light 

caused by the nanoparticle, is 

detected by a detector, installed 

in a specific angle (e.g. 173° or 

90°). Since 90° detectors fit well 

to high flexibility of self-

assembled aggregates, a 90° 

setup was used. Since dissolved 

structures move quickly in 

solutions/suspensions (due to 

Brownian motion), the intensity 

of the scattered light varies over 

time. By plotting the intensity of 

scattered light over time an auto-

correlation function can be calculated (cf. figure 6.5a 2nd row – left graph).[272] This function can 

further be used to calculate the diffusion coefficient and the hydrodynamic diameter (by Stokes-

Einstein equation) of the investigated structures (cf. figure 6.5a 2nd row – middle & right graph:[189] 

%& �
'()

*+,-.
   Equation 6 

[Dt = translational diffusion coefficient estimated by auto-correlation function, kB = Boltzmann 

constant, T = Temperature, η = absolute viscosity & RH = hydrodynamic radius] 

Consequently, by using DLS measurements the size of self-assembled surfactant structures and 

AuNP-POM hybrids can be determined.   

 

Figure 6.5:  Determination of surfactant properties by DLS and 

pendant drop measurements: 

(a) schematic illustration of a typical DLS setup inclusive the measured 

data (e.g. correlation function or particle size).[272] (b) calculation of 

the surface tension of an aqueous solution by the radius of a hanging 

droplet.[273] 
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Another suitable method to investigate surfactant properties is the pendant drop technique.[278] This 

technique – first reported in 1938 by Andreas et al. – can be used to estimate the surface tension of 

a solution.[279] By using an aqueous solution and a syringe, a hanging droplet is generated (cf. figure 

6.5b). When the mechanical equilibrium of a drop is reached by its maximal volume, the surface 

tension of the solution can be calculated by the shape and volume of the drop (cf. figure 6.5b):[273, 

280]  

� �
012

3∆5

6
  Equation 7 

[� = interfacial tension, De = equatorial diameter of the drop, ∆8 = density difference  

& H = correction factor related with the shape of the drop] 

By using a camera and a computational fitting function, an accurate surface tension value can be 

easily estimated. Therefore a usage of pendant drop measurements in several systems, e.g. melted 

polymers,[281] is possible. Due to the numerous benefits, like a good reproducibility or a small sample 

size,[188] this technique was used during this thesis. Moreover, a main benefit of this technique should 

be mentioned, too. By the minimal number of interacting surfaces, also highly interface-active 

substances can be measured. Since, POM-SH surfactants show several possibly strongly interacting 

groups like thiols or POMs, measurements performed by the pendant drop technique are desirable. 

In comparison, the Wilhelmy plate[282] and the Noüy ring[283] methods, which are also often used in 

the literature to calculate the surface tension of a surfactant solution, are not suitable. These methods 

are based on the interaction of the platinum plate/ring and the water-air interface. So, strong 

interactions built by the head groups of the POM-SH surfactants and the platinum surface would 

corrupt the surface tension data. 
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Transmission electron microscopy (TEM) and energy dispersive x-ray 

(EDX) spectroscopy 

 

Analogously to a classical transmission light microscope, solid nanostructures or dried aggregates of 

surfactants can by observed by taking 2-dimensional pictures by transmission electron microscopy 

(TEM). The main difference is the used irradiated 

energy. By using highly accelerated electrons instead of 

visible light, resolution limits can be passed. As imaging 

a structure which is smaller than the used wavelength is 

physically impossible, a microscope using visible light 

(visible light = 380 – 740nm) can never resolve 

nanostructures can never resolute nanostructures (1 - 

1000nm).[286] Consequently, electrons with a specific 

energy (corresponds to a specific wavelength by the 

wave-particle duality)[287] have to be generated by an 

electron gun and focused by several lenses (cf. figure 

6.6a).[284] When these electrons hit the sample, some are 

scattered, diffracted or absorbed by the sample. The 

remaining electrons are collected after passing a 

fluorescent screen and used for taking a transmitted 

light picture by a camera.[288] Thereby, pictures of nano-

structured materials, e.g. nanoparticles or nanorods, are 

possible. An example for a TEM image of a 

nanomaterial is shown in figure 6.6b (upper part). 

Thereby, self-assembled polyoxometalate-cholesterol 

nanorods in a range of several hundred nanometers were 

observed by Yang and co-workers.[285] Additionally, 

this publication illustrate a further benefit of TEM 

measurements very well. By coupling TEM 

measurements with an energy-dispersive x-ray (EDX) 

spectrometer, an analysis of the elemental composition  

- based on interactions of electrons shot to the sample 

(by the electron beam of the TEM) and electrons of the sample - is possible.[284, 289] Since each element 

shows a characteristic energy, dependent on its electron shell,[290] a spectroscopically based analysis 

is possible. Consequently, by coupling TEM and EDX measurements, the structure and elemental 

composition can be investigated simultaneously (cf. figure 6.6b). 

 

Figure 6.6: transmission electron microscopy 

(TEM) and energy dispersive x-ray (EDX) 

spectroscopy: 

(a) Schematic representation of a TEM.[284] (b) 

TEM images (above) and EDX spectrum 

(below) of a polyoxometalate-cholesterol 

conjugate published by Yang et al.[285]  
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Synthesis of inorganic precursors for EW11O39-Si2O-(chain)2 compounds 

(E = P, Si, Ge, B) 

The lacunary polyoxometalate (POM) clusters [BW11O39]9-,[291] [SiW11O39]8-,[292] [GeW11O39]8- [293] 

and [PW11O39]7- [294] were synthesized according to literature. 
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(a)  31P-NMR of PW11O39 (162 MHz, DMSO-d6) δ(ppm) = -10.82. 

(b)  FT-IR (ATR) of PW11O39 : ν = ~3500 (H2O),  1620 (H2O), 1068 (P-O), 1035 (W=O), 948 

(W=O), 898 (W-O-W), 852 (W-O-W), 797 (W-O-W), 713 (W-O-W). 

(c)  11B-NMR of BW11O39: (128 MHz, DMSO-d6) δ(ppm) = 2.59. 

(d)  FT-IR (ATR) of BW11O39 : ν = ~3500 (H2O), 1624 (H2O), 994 (B-O), 953 (W=O), 912 (W-

O-W), 862 (W-O-W),  807 (W-O-W), 739 (B-O), 706 (W-O-W). 

(e)  29Si-NMR of SiW11O39: (79 MHz, DMSO-d6) δ(ppm) = -84.65. 

(f)  FT-IR (ATR)  of SiW11O39 : ν = ~3500 (H2O), 1621 (H2O), 995 (Si-O), 950 (W=O), 879 

(W-O-W), 864 (W-O-W), 788 (W-O-W), 711 (W-O-W). 

(g)  FT-IR (ATR) of GeW11O39: ν = ~3500 (H2O), 1620 (H2O), 943 (W=O), 871 (W-O-W), 838 

(W-O-W), 778 (Ge-O), 689 (W-O-W). 

 

 

  



XIII                                                 6. Appendix 

- XIII - 

Synthesis of organic precursors for EW11O39-Si2O-(chain)2 compounds  

(E = P, Si, Ge, B) 

Synthesis of the thiol-containing precursor was inspired by a synthesis of Bordwell and co-

workers.[295] 

Synthesis of organic precursor (EtO)3SiCxHySH (x = 4-10).  

 

 

 

(EtO)3SiCxH2xBr (x = 4-10) (1): In a 250 mL schlenk flask, 20 mmol (1.0 eq.) X-bromo-1-alkene 

were dissolved in 100 mL DCM. Next 22 mmol (1.1 eq.) triethoxysilane and 5 droplets of Karstedt’s 

catalyst were added to the stirring solution. The reaction was stirred for 7 days at 40 °C. The solvent 

was subsequently removed by reduced pressure to yield a yellowish oil. The pure product was 

obtained by removing the residual starting materials by reduced pressure (~1 mbar) and 90 °C for 

8 h. 

Yield: 55 – 90%, yellowish oil. 

 

 



Analytical methods  XIV 
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(a)  1H-NMR: (400 MHz, CDCl3) δ(ppm) of C4-compound: 

 3.79 (q, 6H, O-CH2-CH3), 3.39 (t, 2H, CH2Br); 1.87 & 1.54 (m, 4H, alkyl chain); 1.20 (t, 

9H, O-CH2-CH3), 0.61 (t, 2H, CH2Si(OR)3). 

(b)    1H-NMR: (400 MHz, CDCl3) δ(ppm) of C6-compound: 

3.79 (q, 6H, O-CH2-CH3), 3.38 (t, 2H, CH2Br); 1.83 & 1.41 (m, 8H, alkyl chain); 1.20 (t, 9H, 

O-CH2-CH3), 0.61 (t, 2H, CH2Si(OR)3). 

(c)    1H-NMR: (400 MHz, CDCl3) δ(ppm) of C7-compound: 

3.79 (q, 6H, O-CH2-CH3), 3.39 (t, 2H, CH2Br); 1.84 & 1.32 (m, 10H, alkyl chain); 1.20 (t, 9H, 

O-CH2-CH3), 0.61 (t, 2H, CH2Si(OR)3). 

(d)    1H-NMR: (400 MHz, CDCl3) δ(ppm) of C8-compound: 

3.81 (q, 6H, O-CH2-CH3), 3.39 (t, 2H, CH2Br); 1.84 & 1.29 (m, 12H, alkyl chain); 1.21 (t, 9H, 

O-CH2-CH3), 0.61 (t, 2H, CH2Si(OR)3). 

(e)    1H-NMR: (400 MHz, CDCl3) δ(ppm) of C10-compound: 

3.80 (q, 6H, O-CH2-CH3), 3.40 (t, 2H, CH2Br); 2.05 & 1.28 (m, 16H, alkyl chain); 1.21 (t, 9H, 

O-CH2-CH3), 0.61 (t, 2H, CH2Si(OR)3). 

  



Analytical methods  XVI 

 

 

 

(EtO)3SiCxH2xSAc (x = 4-10) (2). In a 100 mL schlenk flask 10 mmol (1.0 eq.) of (1) and 17 mmol 

(1.7 eq.) potassium thioacetate were dissolved in 40 mL DMF. The reaction solution was heated up 

to 40 °C for 2 h with vigorous stirring. Next, the solution was cooled to room temperature and 30 

mL water were added. The aqueous solution was extracted three times with pentane and dried over 

anhydrous magnesium sulphate. The solvent of the combined organic layers was removed by reduced 

pressure. 

Yield: 90-100%, brownish oil.  
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(a)  1H-NMR: (400 MHz, CDCl3) δ(ppm) of C4-compound: 

 3.77 (q, 6H, O-CH2-CH3), 2.84 (t, 2H, CH2SAc); 2.30 (s, 3H, R-SCO-CH3); 1.58 & 1.46 (m, 

4H, alkyl chain); 1.19 (t, 9H, O-CH2-CH3), 0.60 (t, 2H, CH2Si(OR)3). 

(b)   1H-NMR: (400 MHz, CDCl3) δ(ppm) of C5-compound: 

3.78 (q, 6H, O-CH2-CH3), 2.82 (t, 2H, CH2SAc); 2.28 (s, 3H, R-SCO-CH3); 1.54 & 1.38 (m, 

6H, alkyl chain); 1.19 (t, 9H, O-CH2-CH3), 0.59 (t, 2H, CH2Si(OR)3). 

(c)    1H-NMR: (400 MHz, CDCl3) δ(ppm) of C6-compound: 

3.77 (q, 6H, O-CH2-CH3), 2.84 (t, 2H, CH2SAc); 2.30 (s, 3H, R-SCO-CH3); 1.58 & 1.46 (m, 

8H, alkyl chain); 1.19 (t, 9H, O-CH2-CH3), 0.60 (t, 2H, CH2Si(OR)3). 

(d)    1H-NMR: (400 MHz, CDCl3) δ(ppm) of C7-compound: 

3.76 (q, 6H, O-CH2-CH3), 2.82 (t, 2H, CH2SAc); 2.27 (s, 3H, R-SCO-CH3); 1.52 & 1.25 (m, 

10H, alkyl chain); 1.18 (t, 9H, O-CH2-CH3), 0.58 (t, 2H, CH2Si(OR)3). 

(e)    1H-NMR: (400 MHz, CDCl3) δ(ppm) of C8-compound: 

3.75 (q, 6H, O-CH2-CH3), 2.81 (t, 2H, CH2SAc); 2.26 (s, 3H, R-SCO-CH3); 1.51 & 1.26 (m, 

12H, alkyl chain); 1.17 (t, 9H, O-CH2-CH3), 0.56 (t, 2H, CH2Si(OR)3). 

(f)    1H-NMR: (400 MHz, CDCl3) δ(ppm) of C10-compound: 

3.79 (q, 6H, O-CH2-CH3), 2.84 (t, 2H, CH2SAc); 2.30 (s, 3H, R-SCO-CH3); 1.54 & 1.24 (m, 

16H, alkyl chain); 1.21 (t, 9H, O-CH2-CH3), 0.60 (t, 2H, CH2Si(OR)3). 
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(EtO)3SiCxH2xSH (x = 4-10) (3).  In a 100 mL schlenk flask 8 mmol (1.0 eq.) of (2) were dissolved 

in 60 mL Ethanol. With vigorous stirring 10.4 mmol (1.3 eq.) sodium borohydride were added. The 

reaction was heated to 40 °C for 2 h. Next, the solution was cooled to room temperature and 30 mL 

water were added. The aqueous solution was extracted three times with pentane and dried over 

anhydrous magnesium sulphate. The solvent of the combined organic layers was removed by reduced 

pressure. 

Yield: 80-95%, yellowish oil. 
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(a)  1H-NMR: (400 MHz, CDCl3) δ(ppm) of C4-compound: 

3.80 (q, 6H, O-CH2-CH3), 2.49 (q, 2H, CH2SH); 1.63 & 1.49 (m, 4H, alkyl chain); 1.20 (t, 9H, 

O-CH2-CH3), 0.60 (t, 2H, CH2Si(OR)3). 

(b)   1H-NMR: (400 MHz, CDCl3) δ(ppm) of C5-compound: 

3.73 (q, 6H, O-CH2-CH3), 2.43 (q, 2H, CH2SH); 1.54 & 1.36 (m, 6H, alkyl chain); 1.15 (t, 9H, 

O-CH2-CH3), 0.55 (t, 2H, CH2Si(OR)3). 

(c)    1H-NMR: (400 MHz, CDCl3) δ(ppm) of C6-compound: 

3.78 (q, 6H, O-CH2-CH3), 2.49 (q, 2H, CH2SH); 1.58 & 1.29 (m, 8H, alkyl chain); 1.19 (t, 9H, 

O-CH2-CH3), 0.60 (t, 2H, CH2Si(OR)3). 

(d)    1H-NMR: (400 MHz, CDCl3) δ(ppm) of C7-compound: 

3.77 (q, 6H, O-CH2-CH3), 2.48 (q, 2H, CH2SH); 1.57 & 1.26 (m, 10H, alkyl chain); 1.19 (t, 

9H, O-CH2-CH3), 0.59 (t, 2H, CH2Si(OR)3). 

(e)    1H-NMR: (400 MHz, CDCl3) δ(ppm) of C8-compound: 

3.76 (q, 6H, O-CH2-CH3), 2.46 (q, 2H, CH2SH); 1.55 & 1.27 (m, 12H, alkyl chain); 1.18 (t, 

9H, O-CH2-CH3), 0.57 (t, 2H, CH2Si(OR)3). 

(f)    1H-NMR: (400 MHz, CDCl3) δ(ppm) of C10-compound: 

3.80 (q, 6H, O-CH2-CH3), 2.52 (q, 2H, CH2SH); 1.60 & 1.26 (m, 16H, alkyl chain); 1.22 (t, 

9H, O-CH2-CH3), 0.62 (t, 2H, CH2Si(OR)3). 
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Synthesis of aromatic organic precursors for EW11O39-Si2O-(C8H7SH)2 

bolaamphiphiles (E = Si, Ge, B) 

Synthesis of the thiol-containing aromatic precursor was inspired by synthesis of Alexander 

Klaiber[296] and Julia Gehring[297]. 

 

 

 

C11H13ISi (4):  In a 500 mL Schlenk flask 40 mmol (1.0 eq.) of 1,4-diiodobenzene were dissolved 

in 250 mL NEt3. The solution was degassed by Argon for 30 min. With stirring 52 mmol (1.3 eq.) 

trimethylsilylacetylene (TMSA) and 50 mg of tetrakis(triphenylphosphine)palladium (Pd(PPh3)4) 

and 50 mg copper(I)iodide (CuI) were added. The reaction directly turned yellow. The reaction was 

heated to 50 °C overnight (~20 h). When the solvent was removed by vacuo, a yellow powder was 

received. After purification by column chromatography (silica, pentane/ethyl acetate) a white solid 

was obtained. 

Yield: 58%, white solid. 

 

1H-NMR: (400 MHz, CDCl3) δ(ppm): 7.50 (d, 2H, arom.), 7.06 (d, 2H, arom.), 0.12 (s, 9H, TMS). 

13C-NMR: (100 MHz, CDCl3) δ(ppm) = 137.52 (arom.), 133.57 (arom.), 123.30 (arom.), 104.72 

(arom.), 96.44 (alkine), -0.23 (TMS). 
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C8H5I (5):  In a 500 mL Schlenk flask 23 mmol (1.0 eq.) of (4) were dissolved in 100 mL DCM 

and 200 mL methanol. With vigorously stirring 29 mmol (1.25 eq.) potassium carbonate (K2CO3) 

were added. The reaction stirred for 2.5 h at room temperature. After adding 400 mL water, the 

reaction was extracted three times with 400 mL DCM and dried over anhydrous magnesium sulphate. 

The solvent of the combined organic layers was removed by reduced pressure. 

Yield: 87%, white solid. 

 

1H-NMR: (400 MHz, CDCl3) δ(ppm): 7.65 (d, 2H, arom.), 7.22 (d, 2H, arom.), 1.26 (s, 1H, alkine). 

13C-NMR: (100 MHz, CDCl3) δ(ppm) = 137.65 (2C, arom.), 133.73 (2C, arom.), 121.75 (1C, 

arom.), 95.01 (1C, arom.), 82.84 (1C, alkyne), 78.75 (1C, alkine). 
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C14H21IO3Si (6):  In a 500 mL Schlenk flask 20 mmol (1.0 eq.) of (5) were dissolved in 200 mL 

DCM. The solution was degassed by argon for 30 min. With stirring 24 mmol (1.2 eq.) 

triethyoxysilane ((EtO)3SiH) and 5 droplets Karstedt’s catalyst were added. The reaction was stirred 

for 6 days at 45 °C. Following, the solvent was removed by reduced pressure to yield a yellowish 

oil. The pure product was obtained by removing the residual starting materials by reduced pressure 

(~1 mbar) for 8 h. 

Yield: quantitative, brown oil. 

 

1H-NMR: (400 MHz, CDCl3) δ(ppm): 7.73 (d, 2H, arom.), 7.28 (d, 2H, arom.), 6.27 (d, 1H, vinyl), 

6.12 (d, 1H, vinyl), 3.92 (q, 6H, OEt), 1.28 (t, 9H, OEt). 

13C-NMR: (100 MHz, CDCl3) δ(ppm) = 137.68 (2C, arom.), 133.02 (2C, arom.), 128.56 (1C, 

arom.), 119.16 (1C, vinyl),  95.55 (1C, vinyl), 92.68 (1C, arom.), 58.75 (3C, OEt), 18.38 (3C, 

OEt). 
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C14H22O3SSi (7):  In a 500 mL Schlenk flask 20 mmol (1.0 eq.) of (6) were dissolved in 500 mL 

diethyl ether. The orange solution was cooled down to -78 °C and stirred for 40 min. With vigorously 

stirring 40 mmol (2.0 eq.) tert-butyllithium solution (t-BuLi 1.7M in pentane) was added dropwise. 

The reaction slowly turned black. After stirring for additional 45 min, 20 mmol (1.0 eq) sulphur was 

added. The reaction was stirred for 30 min at -78 °C before slowly heated up to room temperature by 

removing the cooling bath. The brown solution was quenched with 50 mL ethanol and stirred 

overnight (~15 h). When the solvent was removed by reduced pressure, the residue was dispersed in 

100 mL hexane. Precipitates were removed by centrifugation (10000 rpm, 10 min). The solvent was 

removed by reduced pressure, yielding a greenish solid. 

Yield: 20%, greenish solid. 

 

1H-NMR: (400 MHz, CDCl3) δ(ppm): 7.71 (d, 2H, arom.), 7.22 (d, 2H, arom.), 6.26 (d, 1H, vinyl), 

6.12 (d, 1H, vinyl), 3.89 (q, 6H, OEt), 1.25 (t, 9H, OEt). 

13C-NMR: (100 MHz, CDCl3) δ(ppm) = 137.67 (2C, arom.), 133.12 (2C, arom.), 128.94 (1C, 

arom.), 127.20 (1C, arom.), 119.16 (1C, vinyl), 95.55 (1C, vinyl), 58.73 (3C, OEt), 18.36 (3C, 

OEt). 

 

Synthesis of PW11O39-Si2O-(C27H31Si(iPr)3)2 – aromatic TIPS-surfactant 

  

All needed organic precursors and the surfactant itself were synthesized by Marian Jaschke 

during his Master-Thesis. [298] 
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Synthesis of organic-inorganic hybrids 

 

During this thesis numerous organic-inorganic compounds were synthesized: 

1) POM-SH bolaamphiphiles: [EW11O39-Si2O-(CxH2xSH)2]  (x = 4-10, E = P, Si, Ge, B) 

2) POM-SH aromatic surfactants: [EW11O39-Si2O-(C7H8SH)2]  (E = Si, Ge, B) 

3) Classical POM surfactants: [EW11O39-Si2O-(C16H33)2]   (E = P, Si, Ge, B) 

 

 

 

Synthesis of POM-surfactants. (8): In a 2 L beaker, 1 mmol (1.0 eq.) of powdered lacunary POM-

cluster (Ky[EW11O39]) (y = 7-9) and 7.5 mmol (7.5 eq.) tetramethylammonium chloride were 

suspended in 800 mL acetonitrile. To the resulting suspension, 4.4 mmol (4.4 eq.) of 1M hydrochloric 

acid and 2.2 mmol (2.2 eq.) of an organic precursor – dissolved in 10 mL DCM – were added 

dropwise into the solution. The reaction was stirred vigorously for 1 d at room temperature. The 

suspension was filtered and the solvent of the filtrate was removed by reduced pressure. The 

precipitate was washed with water, methanol and diethyl ether. 

Yield: 75-90% (based on the 3), white solid. 

Used as an organic precursor: ((3); alkyl), ((7); aromatic) or C16H33Si(OEt)3 

 

Ion exchange to the corresponding H- and Na-surfactants. [EW11O39-Si2O-(CxH2xSH)2] (x = 4-10, 

y = 7-9 E = P, Si, Ge, B): Cations were exchanged to Na+ or H+ by slow filtration of a 2 mg/mL 

solution of TMA−POM-surfactant through a column packed with Amberlite-IR120-H/Na. Complete 

exchange was confirmed via 1H-NMR spectroscopy (absence of a signal at δ = 3.23 ppm). 
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Synthesis of plasmonic hybrids 

Synthesis of AuNP by using EW11O39-Si2O-(CxHx+2SH)2 bolaamphiphiles 

as a catalyst & stabilizer 

 

 

 

In a 20 mL vial 10 mL of an auric acidic solution (n = 50 µmol) in chloroform was added. 30 mg 

POM-SH bolaamphiphile (n = 10 µmol) were dissolved in 10 mL deionized water and pressed 

through a syringe filter. The aqueous phase was layered on top of the chloroform phase and the 

sample was irradiated for 6 h by UV light. During the reaction the aqueous phase turned to a deep 

red colour, while the chloroform phase return to a colourless one. After separating the aqueous phase, 

a work-up by centrifugation (10000 rpm for 30 min) was done. The AuNP-SURF hybrids were 

characterized by UV-VIS spectroscopy, DLS measurements and TEM.  
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Synthesis of AuNP-SURF hybrids for plasmonic catalysis 

  

 

 

Gold nanoparticles for the plasmonic catalysis experiments were synthesized by a modified 

Turkevich method.[234] 

In a 100 mL beaker glass, 4 mL auric acid (c = 10 mM, n = 40 µmol) were dissolved in 40 mL of 

deionized water. By vigorously stirring (1000 rpm), the solution was heated up to 100 °C. 4 mL 

sodium citrate solution (n = 160 µmol) were added instantly. When the suspension turned to a deep 

red colour (after 1 minute), the suspension stirred for 10 min at 100 °C. When the suspension is 

cooled down to room temperature, 10 mg of a POM-SH bolaamphiphile (sodium salt was used) was 

added. The reaction stirred for additional 5 min. After centrifuging the suspension (10000 rpm for 

30 min), the supernatant was removed, and the AuNP-SURF hybrid was redispersed in 50 mL 

methanol. The sodium counter-ions of the surfactant were exchanged to H+ by slow filtration of the 

suspension through a column packed with Amberlite-IR120-H. The suspension was centrifuged 

(10000 rpm for 30 min) and the supernatant was removed.  

6 approaches were unified and resuspended by using 10 mL methanol. After splitting these 10 mL 

in 2 samples of 5 mL, two samples for catalytic measurements (one for irradiation, the second as a 

reference) were received. 

The AuNP-SURF hybrids were characterized by UV-VIS spectroscopy, DLS measurements and 

TEM before and after using them as a catalyst.     
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Synthesis of assemblies built of AuNP-SURF hybrids and Fe2O3-NP used 

in plasmonic catalysis 

 

 

 

Fe2O3-NP were synthesized by Klaus Boldt regarding to a method publish by Etgar.[299] 

The trioctylphosphine ligands, capping the nanoparticles were stripped of by adding an aqueous 

NaBH4 solution. In a 10 mL vial, 300 µL of the Fe2O3 suspension were diluted in 7 mL chloroform. 

When 1mL HBF4 solution (48 wet% in water) was added, the vial was closed. When the vial was 

shaken for 10 minutes, the suspension was stored for 1h at Room temperature. The supernatant was 

removed and the Fe2O3 nanoparticle were redispersed by 150 mL methanol. 

Gold nanoparticles for the plasmonic catalysis experiments were synthesized by a modified 

Turkevich method using Si-C5-SH as a POM-SH bolaamphiphile (see above).[234] 

6 approaches were unified and resuspended by using 9 mL methanol. After adding 1mL of the 

stripped Fe2O3-NP suspension, the suspension was 5 min treated by ultrasonic. After splitting these 

10 mL in 2 samples of 5 mL, two samples for catalytic measurements (one for irradiation, the second 

as a reference) were received. 

The AuNP-SURF hybrids were characterized by UV-VIS spectroscopy, DLS measurements and 

TEM before and after using them as a catalyst.     
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Synthesis of AuNS-SURF hybrids for plasmonic catalysis 

 

 

 

Gold nanostars (AuNS) for the plasmonic catalysis experiments were synthesized by a seed-mediated 
growth method published by Yuan.[253]  

Seeds: 

In a 200 mL beaker glass, 0.5 mL auric acid (c = 10 mM, n = 40 µmol) were dissolved in 200 mL of 

deionized water. By vigorously stirring (1000 rpm), the solution was heated up to 100 °C. 5 mL 

sodium citrate solution (n = 160 µmol) were added instantly. The reaction stirred for 20 min at 

100 °C. When the suspension is cooled down to room temperature, the seeds were stored at 4 °C. 

Au-Nanostars: 

In a 100 mL beaker glass, 4 mL auric acid (c = 10 mM, n = 40 µmol) were dissolved in 30 mL of 

deionized water. By vigorously stirring (1000 rpm), 500 µL of the seed suspension and 100 µL of 

1M hydrochloric acid were added. Next 200 µL silver nitrate solution (c = 10 mM, n = 2 µmol) and 

500 µL of an ascorbic acid solution (c = 100 mM, n = 50 µmol) were added rapidly. In seconds, the 

solution turned to a deep bluish-red colour.  After adding 10 mg of a POM-SH bolaamphiphile 

(sodium salt was used), the reaction stirred for additional 5 min. After centrifuging the suspension 

(10000 rpm for 30 min), the supernatant was removed, and the AuNS-SURF hybrid was redispersed 

in 50 mL methanol. The sodium counter-ions of the surfactant were exchanged to H+ by slow 

filtration of the suspension through a column packed with Amberlite-IR120-H. The suspension was 

centrifuged (10000 rpm for 30 min) and the supernatant was removed.  

6 approaches were unified and resuspended by using 10 mL methanol. After splitting these 10 mL 

in 2 samples of 5 mL, two samples for catalytic measurements (one for irradiation, the second as a 

reference) were received. 

The AuNS-SURF hybrids were characterized by UV-VIS spectroscopy, DLS measurements and 

TEM before and after using them as a catalyst.     

 

 

 



XXXI                                                 6. Appendix 

- XXXI - 

Plasmonic catalysis by using AuNP-SURFs as a catalyst 

 

 

 

The catalytic measurements were also published by the author in Applied Materials and Interfaces.[3] 

Seventy milligrams of 3-phenylpropionic acid (0.5 mmol) were dissolved in 5 mL of AuNP-SURF 

suspended in methanol. The suspension was stirred (500 rpm) during the reaction. The reaction was 

irradiated by white light (power = 100 W, λ = 400−800 nm), red light (power = 50 W, λ = 630 nm), 

green light (power = 50 W, λ = 530 nm), or blue light (power = 50 W, λ = 470 nm). Reference 

samples were prepared in darkness (vial was protected against daylight by aluminium foil). All 

measurements were performed at isothermal conditions. All conversions were measured by 

integrating 1H-NMR spectra. Therefore, the integral of the methyl group (s, 3H, 4.38 ppm) was refer 

to the triplett, caused by the methylene unit (t, 2H, 3.65 ppm) next to the carboxy group.  

1H-NMR: (400 MHz, CDCl3) δ(ppm): 8.02-7.89 (m, 5H, arom.), 4.38 (s, 3H, OMe), 3.65 (t, 2H, 

CH2-CO2X), 3.33 (t, 2H, CH2-CH2CO2X) (X = H or Me). 

 

 

 



Molecular Characterization of POM-SH bolaamphiphiles XXXII 

Molecular Characterization of bolaamphiphiles (EW11O39-Si2O-(CxHx+2SH)2)  

and further surfactants (E = P, Si, Ge, B and x = 4-10) 

BW11O39-Si2O-(CxHx+2SH)2 bolaamphiphiles (x = 10) 
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(a)  molecular formula of the synthesized surfactant; (boron = green, carbon = grey, germanium 

= orange, hydrogen = white, oxygen = red, phosphorus = violet, silicon = blue, sulphur = yellow, 

tungsten = cyan).  

 (b)  1H-NMR: (400 MHz, D2O-d6) δ(ppm) = 2.57 (m, 4H, CH2SH); 1.66-1.39 (m, 32H, alkyl 

chain); 0.98 (t, 4H, CH2Si(OR)3). 

(c)  13C-NMR: (100 MHz, D2O) δ(ppm) = 32.30-16.88 (alkyl chain); 13.38 (CH2CH2Si(R)3). 

(d)  11B-NMR: (128 MHz, DMSO) δ(ppm) = 1.29 (BW11-Alkyl-SH). 

(e)  29Si-NMR: (79 MHz, DMSO) δ(ppm) = -44.07 (TMA-Species). 

(f)  ESI-MS (black = measured data, green = simulation): m/z = 1024.49 (M5- + Na+ + H+); 

1032.16 (M5- + 2Na+); 1586.75 (M5-+ 2Na+ + H+). 

(g)  ESI-MS (black = measured data, green = simulation): m/z = 1586.75 (M5-+ 2Na+ + H+). 

(h)  FT-IR (ATR) (black = lacunary cluster as a reference, green = bolaamphiphile):  

ν = 2923 (HC-H), 2851 (HC-H), 1624 (H2O), 1215 (B-O), 1117 (Si-O-Si), 1017 (B-O), 955 (W=O), 

876 (W-O-W),  792 (W-O-W), 747 (B-O), 701 (W-O-W). 
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BW11O39-Si2O-(CxHx+2SH)2 bolaamphiphiles (x = 8) 
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(a)  molecular formula of the synthesized surfactant (optimized by DFT calculations); (boron = 

green, carbon = grey, germanium = orange, hydrogen = white, oxygen = red, phosphorus = violet, 

silicon = blue, sulphur = yellow, tungsten = cyan).  

 (b)  1H-NMR: (400 MHz, DMSO-d6) δ(ppm) = 2.42 (m, 4H, CH2SH); 1.62-1.25 (m, 24H, alkyl 

chain); 0.62 (t, 4H, CH2Si(OR)3). 

(c)  13C-NMR: (100 MHz, DMSO) δ(ppm) = 33.39-22.06 (alkyl chain); 11.93 (CH2CH2Si(R)3). 

(d)  11B-NMR: (128 MHz, DMSO) δ(ppm) = 1.22 (BW11-Alkyl-SH). 

(e)  29Si-NMR: (79 MHz, DMSO) δ(ppm) = -49.58. 

(f)  ESI-MS (black = measured data, green = simulation): m/z = 1532.84 (M5-+ Na+ + 2K+). 

(g)  ESI-MS (black = measured data, green = simulation): m/z = 1532.84 (M5-+ Na+ + 2K+). 

(h)  FT-IR (ATR) (black = lacunary cluster as a reference, green = bolaamphiphile):  

ν = 2922 (HC-H), 2851 (HC-H), 1624 (H2O), 1188 (B-O), 1108 (Si-O-Si), 1014 (B-O), 955 (W=O), 

885 (W-O-W),  798 (W-O-W), 763 (B-O), 714 (W-O-W). 

(i)  TGA: theoretically = 9.27%, observed: 21.18% or 16.42% or 8.81%.  



Molecular Characterization of POM-SH bolaamphiphiles XXXVI 

BW11O39-Si2O-(CxHx+2SH)2 bolaamphiphiles (x = 7) 

 

 

  



XXXVII                                                 6. Appendix 

- XXXVII - 

 

(a)  molecular formula of the synthesized surfactant (optimized by DFT calculations); (boron = 

green, carbon = grey, germanium = orange, hydrogen = white, oxygen = red, phosphorus = violet, 

silicon = blue, sulphur = yellow, tungsten = cyan).  

 (b)  1H-NMR: (400 MHz, DMSO-d6) δ(ppm) = 2.42 (q, 4H, CH2SH); 1.58-1.26 (m, 20H, alkyl 

chain); 0.63 (t, 4H, CH2Si(OR)3). 

(c)  13C-NMR: (100 MHz, DMSO) δ(ppm) = 33.48-22.02 (alkyl chain); 11.90 (CH2CH2Si(R)3). 

(d)  11B-NMR: (128 MHz, DMSO) δ(ppm) = 1.22 (BW11-Alkyl-SH). 

(e)  29Si-NMR: (79 MHz, DMSO) δ(ppm) = -49.59. 

(f)  ESI-MS (black = measured data, green = simulation): m/z = 1580.28 (M5-+ 3Na+). 

(g)  ESI-MS (black = measured data, green = simulation): m/z = 1580.28 (M5-+ 3Na+). 

(h)  FT-IR (ATR) (black = lacunary cluster as a reference, green = bolaamphiphile):  

ν = 2923 (HC-H), 2852 (HC-H), 1622 (H2O), 1215 (B-O), 1110 (Si-O-Si), 1017 (B-O), 956 (W=O), 

875 (W-O-W),  794 (W-O-W), 751 (B-O), 702 (W-O-W). 

(i)  TGA: theoretically = 8.45%, observed: 14.67% or 10.97%. 



Molecular Characterization of POM-SH bolaamphiphiles XXXVIII 

 

BW11O39-Si2O-(CxHx+2SH)2 bolaamphiphiles (x = 6) 

 

  



XXXIX                                                 6. Appendix 

- XXXIX - 

 

(a)  molecular formula of the synthesized surfactant (optimized by DFT calculations); (boron = 

green, carbon = grey, germanium = orange, hydrogen = white, oxygen = red, phosphorus = violet, 

silicon = blue, sulphur = yellow, tungsten = cyan).  

 (b)  1H-NMR: (400 MHz, DMSO-d6) δ(ppm) = 2.44 (q, 4H, CH2SH); 1.54-1.30 (m, 16H, alkyl 

chain); 0.64 (t, 4H, CH2Si(OR)3). 

(c)  13C-NMR: (100 MHz, DMSO) δ(ppm) = 33.30-22.03 (alkyl chain); 11.87 (CH2CH2Si(R)3). 

(d)  11B-NMR: (128 MHz, DMSO) δ(ppm) = 1.22 (BW11-Alkyl-SH). 

(e)  29Si-NMR: (79 MHz, DMSO) δ(ppm) = -49.58. 

(f)  ESI-MS (black = measured data, green = simulation): m/z = 1566.27 (M5-+ 3Na+). 

(g)  ESI-MS (black = measured data, green = simulation): m/z = 1566.27 (M5-+ 3Na+). 

(h)  FT-IR (ATR) (black = lacunary cluster as a reference, green = bolaamphiphile):  

ν = 2924 (HC-H), 2855 (HC-H), 1622 (H2O), 1226 (B-O), 1120 (Si-O-Si), 1016 (B-O), 955 (W=O), 

871 (W-O-W),  799 (W-O-W), 760 (B-O), 702 (W-O-W). 

(i)  TGA: theoretically = 7.89%, observed: 12.98% or 9.29%.  

  



Molecular Characterization of POM-SH bolaamphiphiles XL 

BW11O39-Si2O-(CxHx+2SH)2 bolaamphiphiles (x = 5) 

 

 

 

 

  



XLI                                                 6. Appendix 

- XLI - 

 

 (a)  molecular formula of the synthesized surfactant (optimized by DFT calculations); (boron = 

green, carbon = grey, germanium = orange, hydrogen = white, oxygen = red, phosphorus = violet, 

silicon = blue, sulphur = yellow, tungsten = cyan).  

 (b)  1H-NMR: (400 MHz, DMSO-d6) δ(ppm) = 2.46 (q, 4H, CH2SH); 1.56-1.36 (m, 12H, alkyl 

chain); 0.63 (t, 4H, CH2Si(OR)3). 

(c)  13C-NMR: (100 MHz, DMSO) δ(ppm) = 33.39-21.62 (alkyl chain); 11.84 (CH2CH2Si(R)3). 

(d)  11B-NMR: (128 MHz, DMSO) δ(ppm) = 1.22 (BW11-Alkyl-SH). 

(e)  29Si-NMR: (79 MHz, DMSO) δ(ppm) = -49.62. 

(f)  ESI-MS (black = measured data, green = simulation): m/z = 1552.26 (M5-+ 3Na+). 

(g)  ESI-MS (black = measured data, green = simulation): m/z = 1552.26 (M5-+ 3Na+). 

(h)  FT-IR (ATR) (black = lacunary cluster as a reference, green = bolaamphiphile):  

ν = 2925 (HC-H), 2857 (HC-H), 1616 (H2O), 1212 (B-O), 1100 (Si-O-Si), 1015 (B-O), 952 (W=O), 

872 (W-O-W),  787 (W-O-W), 747 (B-O), 695 (W-O-W). 

(i)  TGA: theoretically = 6.77%, observed: 12.48% or 8.99%. 

  



Molecular Characterization of POM-SH bolaamphiphiles XLII 

BW11O39-Si2O-(CxHx+2SH)2 bolaamphiphiles (x = 4) 

 

 

 

  



XLIII                                                 6. Appendix 

- XLIII - 

 

(a)  molecular formula of the synthesized surfactant (optimized by DFT calculations); (boron = 

green, carbon = grey, germanium = orange, hydrogen = white, oxygen = red, phosphorus = violet, 

silicon = blue, sulphur = yellow, tungsten = cyan).  

 (b)  1H-NMR: (400 MHz, DMSO-d6) δ(ppm) = 2.47 (q, 4H, CH2SH); 1.72-1.44 (m, 8H, alkyl 

chain); 0.64 (t, 4H, CH2Si(OR)3). 

(c)  13C-NMR: (100 MHz, DMSO) δ(ppm) = 54.41 (NCH3); 36.66-21.17 (alkyl chain); 10.98 

(CH2CH2Si(R)3) (TMA-species). 

(d)  11B-NMR: (128 MHz, DMSO) δ(ppm) = 1.23 (BW11-Alkyl-SH). 

(e)  29Si-NMR: (79 MHz, DMSO) δ(ppm) = -49.69. 

(f)  ESI-MS (black = measured data, green = simulation): m/z = 1538.74 (M5-+ 3Na+). 

(g)  ESI-MS (black = measured data, green = simulation): m/z = 1538.74 (M5-+ 3Na+). 

(h)  FT-IR (ATR) (black = lacunary cluster as a reference, green = bolaamphiphile):  

ν = 2924 (HC-H), 2852 (HC-H), 1620 (H2O ), 1218 (B-O), 1127 (Si-O-Si), 1019 (B-O), 950 (W=O), 

873 (W-O-W),  784 (W-O-W), 745 (B-O), 690 (W-O-W). 

(i)  TGA: theoretically = 5.90%, observed: 15.24% or 9.07%.   



Molecular Characterization of POM-SH bolaamphiphiles XLIV 

GeW11O39-Si2O-(CxHx+2SH)2 bolaamphiphiles (x = 10) 

 

 

 

 

 

 

 

  



XLV                                                 6. Appendix 

- XLV - 

(a)  molecular formula of the synthesized surfactant (optimized by DFT calculations); (boron = 

green, carbon = grey, germanium = orange, hydrogen = white, oxygen = red, phosphorus = violet, 

silicon = blue, sulphur = yellow, tungsten = cyan).  

 (b)  1H-NMR: (400 MHz, DMSO-d6) δ(ppm) = 2.43 (q, 4H, CH2SH); 1.51-1.19 (m, 44H, alkyl 

chain); 0.54 (t, 4H, CH2Si(OR)3) (Na-species). 

(c)  13C-NMR: (100 MHz, DMSO-d6) δ(ppm) = 54.27 (TMA), 33.37-22.52 (alkyl chain); 12.92 

(CH2CH2Si(R)3) (TMA-species). 

(d)  ESI-MS (black = measured data, orange = simulation): m/z = 1591.70 (M4- + 2Na+). 

(e)  ESI-MS (black = measured data, orange = simulation): m/z = 1591.70 (M4- + 2Na+). 

(f)  FT-IR (ATR) (black = lacunary cluster as a reference, orange = bolaamphiphile):  

ν = 2923 (HC-H), 2852 (HC-H), 1659 (H2O), 1106 (Si-O-Si), 1026 (Ge-O), 964 (W=O), 939 (W=O), 

890 (W-O-W), 853 (W-O-W), 766 (Ge-O), 687 (W-O-W). 

 

 

 

 

 

  



Molecular Characterization of POM-SH bolaamphiphiles XLVI 

GeW11O39-Si2O-(CxHx+2SH)2 bolaamphiphiles (x = 8) 

 



XLVII                                                 6. Appendix 

- XLVII - 

(a)  molecular formula of the synthesized surfactant (optimized by DFT calculations); (boron = 

green, carbon = grey, germanium = orange, hydrogen = white, oxygen = red, phosphorus = violet, 

silicon = blue, sulphur = yellow, tungsten = cyan).  

 (b)  1H-NMR: (400 MHz, DMSO-d6) δ(ppm) = 2.43 (q, 4H, CH2SH); 1.62-1.17 (m, 24H, alkyl 

chain); 0.53 (t, 4H, CH2Si(OR)3).  

(c)  13C-NMR: (100 MHz, DMSO-d6) δ(ppm) = 33.34-22.53 (alkyl chain); 13.01 

(CH2CH2Si(R)3). 

(d)  29Si-NMR: (79 MHz, DMSO-d6) δ(ppm) = -54.14. 

(e)  ESI-MS (black = measured data, orange = simulation): m/z = 1563.66 (M4- + 2Na+). 

(f)  ESI-MS (black = measured data, orange = simulation): m/z = 1563.66 (M4- + 2Na+). 

(g)  FT-IR (ATR) (black = lacunary cluster as a reference, orange = bolaamphiphile:  

ν = 2924 (HC-H), 2852 (HC-H), 1621 (H2O), 1108 (Si-O-Si), 1022 (Ge-O), 967 (W=O), 939 (W=O), 

890 (W-O-W), 847 (W-O-W), 759 (Ge-O), 683 (W-O-W). 

(h)  TGA: theoretically = 13.68% or 21.03%, observed: 17.51%.  

 

 

 

 

 

 

 

 

 

  



Molecular Characterization of POM-SH bolaamphiphiles XLVIII 

GeW11O39-Si2O-(CxHx+2SH)2 bolaamphiphiles (x = 7) 

 



XLIX                                                 6. Appendix 

- XLIX - 

(a)  molecular formula of the synthesized surfactant (optimized by DFT calculations); (boron = 

green, carbon = grey, germanium = orange, hydrogen = white, oxygen = red, phosphorus = violet, 

silicon = blue, sulphur = yellow, tungsten = cyan).  

 (b)  1H-NMR: (400 MHz, DMSO-d6) δ(ppm) = 2.43 (q, 4H, CH2SH); 1.55-1.15 (m, 20H, alkyl 

chain); 0.55 (t, 4H, CH2Si(OR)3). 

(c)  13C-NMR: (100 MHz, DMSO-d6) δ(ppm) = 33.49-22.20 (alkyl chain); 12.89 

(CH2CH2Si(R)3). 

(d)  29Si-NMR: (79 MHz, DMSO-d6) δ(ppm) = -54.15. 

(e)  ESI-MS (black = measured data, orange = simulation): m/z = 1549.65 (M4- + 2Na+). 

(f)  ESI-MS (black = measured data, orange = simulation): m/z = 1549.65 (M4- + 2Na+). 

(g)  FT-IR (ATR) (black = lacunary cluster as a reference, orange = bolaamphiphile):  

ν = 2923 (HC-H), 2852 (HC-H), 1619 (H2O), 1107 (Si-O-Si), 1023 (Ge-O), 964 (W=O), 937 (W=O), 

889 (W-O-W), 845 (W-O-W), 756 (Ge-O), 679 (W-O-W). 

(g)  TGA: theoretically = 12.68% or 20.02%, observed: 17.01%.  

 

 

 

 

 

 

 

 

 

 

 

  



Molecular Characterization of POM-SH bolaamphiphiles L 

GeW11O39-Si2O-(CxHx+2SH)2 bolaamphiphiles (x = 6) 

 



LI                                                 6. Appendix 

- LI - 

(a)  molecular formula of the synthesized surfactant (optimized by DFT calculations); (boron = 

green, carbon = grey, germanium = orange, hydrogen = white, oxygen = red, phosphorus = violet, 

silicon = blue, sulphur = yellow, tungsten = cyan).  

 (b)  1H-NMR: (400 MHz, DMSO-d6) δ(ppm) = 2.44 (q, 4H, CH2SH); 1.66-1.21 (m, 16H, alkyl 

chain); 0.53 (t, 4H, CH2Si(OR)3). 

(c)  13C-NMR: (100 MHz, DMSO-d6) δ(ppm) = 33.37-22.58 (alkyl chain); 13.04 

(CH2CH2Si(R)3). 

(d)  29Si-NMR: (79 MHz, DMSO-d6) δ(ppm) = -54.13. 

(e)  ESI-MS (black = measured data, orange = simulation): m/z = 1535.63 (M4- + 2Na+). 

(f)  ESI-MS (black = measured data, orange = simulation): m/z = 1535.63 (M4- + 2Na+). 

(g)  FT-IR (ATR) (black = lacunary cluster as a reference, orange = bolaamphiphile):  

ν = 2924 (HC-H), 2853 (HC-H), 1620 (H2O), 1111 (Si-O-Si), 1024 (Ge-O), 968 (W=O), 941 (W=O), 

889 (W-O-W), 845 (W-O-W), 757 (Ge-O), 679 (W-O-W). 

(h)  TGA: theoretically = 11.68% or 19.03%, observed: 15.05%.  

 

 

 

 

 

 

 

 

 

  



Molecular Characterization of POM-SH bolaamphiphiles LII 

GeW11O39-Si2O-(CxHx+2SH)2 bolaamphiphiles (x = 5) 

 



LIII                                                 6. Appendix 

- LIII - 

(a)  molecular formula of the synthesized surfactant (optimized by DFT calculations); (boron = 

green, carbon = grey, germanium = orange, hydrogen = white, oxygen = red, phosphorus = violet, 

silicon = blue, sulphur = yellow, tungsten = cyan).  

 (b)  1H-NMR: (400 MHz, DMSO-d6) δ(ppm) = 2.45 (q, 4H, CH2SH); 1.60-1.30 (m, 36H, alkyl 

chain); 0.56 (t, 4H, CH2Si(OR)3). 

(c)  13C-NMR: (100 MHz, DMSO-d6) δ(ppm) = 33.50-22.09 (alkyl chain); 12.89 

(CH2CH2Si(R)3). 

(d)  29Si-NMR: (79 MHz, DMSO-d6) δ(ppm) = -54.16. 

(e)  ESI-MS (black = measured data, orange = simulation): m/z = 1521.62 (M4- + 2Na+). 

(f)  ESI-MS (black = measured data, orange = simulation): m/z = 1521.62 (M4- + 2Na+). 

(g)  FT-IR (ATR) (black = lacunary cluster as a reference, orange = bolaamphiphile):  

ν = 2927 (HC-H), 2852 (HC-H), 1620 (H2O), 1120 (Si-O-Si), 1024 (Ge-O), 966 (W=O), 937 (W=O), 

887 (W-O-W), 841 (W-O-W), 758 (Ge-O), 680 (W-O-W). 

(h)  TGA: theoretically = 10.67% or 18.02%, observed: 10.13%.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



Molecular Characterization of POM-SH bolaamphiphiles LIV 

GeW11O39-Si2O-(CxHx+2SH)2 bolaamphiphiles (x = 4) 

 



LV                                                 6. Appendix 

- LV - 

(a)  molecular formula of the synthesized surfactant (optimized by DFT calculations); (boron = 

green, carbon = grey, germanium = orange, hydrogen = white, oxygen = red, phosphorus = violet, 

silicon = blue, sulphur = yellow, tungsten = cyan).  

 (b)  1H-NMR: (400 MHz, DMSO-d6) δ(ppm) = 2.47 (q, 4H, CH2SH); 2.20 (impurity, 

solvent)1.70-1.50 (m, 8H, alkyl chain); 0.55 (t, 4H, CH2Si(OR)3). 

(c)  13C-NMR: (100 MHz, DMSO-d6) δ(ppm) = 36.33-21.43 (alkyl chain); 12.24 

(CH2CH2Si(R)3). 

(d)  29Si-NMR: (79 MHz, DMSO-d6) δ(ppm) = -54.23. 

(e)  ESI-MS (black = measured data, orange = simulation): m/z = 1507.60 (M4- + 2Na+). 

(f)  ESI-MS (black = measured data, orange = simulation): m/z = 1507.60 (M4- + 2Na+). 

(g)  FT-IR (ATR) (black = lacunary cluster as a reference, orange = bolaamphiphile):  

ν = 2924 (HC-H), 2857 (HC-H), 1620 (H2O), 1111 (Si-O-Si), 1020 (Ge-O), 964 (W=O), 936 (W=O), 

888 (W-O-W), 841 (W-O-W), 759 (Ge-O), 675 (W-O-W). 

(h)  TGA: theoretically = 9.67% or 17.09%, observed: 10.48%. 

 

 

 

 

 

 

 

  



Molecular Characterization of POM-SH bolaamphiphiles LVI 

SiW11O39-Si2O-(CxHx+2SH)2 bolaamphiphiles (x = 10) 

 

 



LVII                                                 6. Appendix 

- LVII - 

 

 

(a)  molecular formula of the synthesized surfactant (optimized by DFT calculations); (boron = 

green, carbon = grey, germanium = orange, hydrogen = white, oxygen = red, phosphorus = violet, 

silicon = blue, sulphur = yellow, tungsten = cyan).  

 (b)  1H-NMR: (400 MHz, DMSO-d6) δ(ppm) = 2.47 (q, 4H, CH2SH); 1.58-1.22 (m, 32H, alkyl 

chain); 0.65 (t, 4H, CH2Si(OR)3). 

(c)  13C-NMR: (100 MHz, CD3CN) δ(ppm) = 56.40 (NCH3); 34.79-23.72 (alkyl chain); 13.61 

(CH2CH2Si(R)3). 

(d)  29Si-NMR: (79 MHz, DMSO-d6) δ(ppm) = -52.22, -85.12. 

(e)   183W-NMR: (25 MHz, CD3CN) δ(ppm) = -254.53 (W2&3); -175.53 (W4&9); -128.85 

(W5&8); -113.53 (W11); -110.50 (W10&12); -106.21 (W6&7), -93.66 (SiW12O40). 

(f)  FT-IR (ATR) (black = lacunary cluster as a reference, blue = bolaamphiphile):  

ν = ~3500 (water), 2923 (HC-H), 2851 (HC-H), 1621 (H2O), 1483 (HC-H), 1036 (Si-O), 899 (W-O-

W), 878 (W-O-W), 843 (W-O-W), 774 (W-O-W), 730 (W-O-W), 691 (W-O-W). 

(g)  ESI-MS (black = measured data, blue = simulation): m/z = 1031.51 (M4- + H+), 1038.48 

(M4- + Na+), 1568.72 (M4-+ Na+ + H+). 

(h)  ESI-MS (black = measured data, blue = simulation): m/z = 1031.51 (M4- + H+), 1038.48 

(M4- + Na+). 

(i)  TGA: theoretically = 18.98%, observed: 18.73% or 20.41%. 

 

 

  



Molecular Characterization of POM-SH bolaamphiphiles LVIII 

SiW11O39-Si2O-(CxHx+2SH)2 bolaamphiphiles (x = 8) 

 



LIX                                                 6. Appendix 

- LIX - 

 

(a)  molecular formula of the synthesized surfactant (optimized by DFT calculations); (boron = 

green, carbon = grey, germanium = orange, hydrogen = white, oxygen = red, phosphorus = violet, 

silicon = blue, sulphur = yellow, tungsten = cyan).  

(b)  1H-NMR: (400 MHz, MeCN-d3) δ(ppm) = 3.24 (s, traces, NCH3); 2.47 (q, 4H, CH2SH); 

1.61-1.22 (m, 24H, alkyl chain); 0.66 (t, 4H, CH2Si(OR)3). 

(c)  13C-NMR: (100 MHz, MeCN-d3) δ(ppm) = 34.78-23.66 (alkyl chain); 13.55 

(CH2CH2Si(R)3). 

(d)  29Si-NMR: (79 MHz, DMSO-d6) δ(ppm) = -52.21, -85.12. 

(e)  FT-IR (ATR) (black = lacunary cluster as a reference, blue = bolaamphiphile):  

ν = ~3500 (H2O), 2923 (HC-H), 2851 (HC-H), 1622 (H2O), 1460 (HC-H), 1035 (Si-O), 900 (W-O-

W), 845 (W-O-W), 771 (W-O-W), 723 (W-O-W), 695 (W-O-W). 

(f)  ESI-MS (black = measured data, blue = simulation): m/z = 1012.47 (M4- + H+), 1019.82 

(M4- + Na+), 1530.21 (M4-+ Na+ + H+), 1541.22 (M4-+ 2Na+), 1567.24 (M4-+ 2TMA+). 

(g)  ESI-MS (black = measured data, blue = simulation): m/z = 1530.21 (M4-+ Na+ + H+), 

1541.22 (M4-+ 2Na+), 1567.24 (M4-+ 2TMA+). 

(h)  ESI-MS (black = measured data, blue = simulation): m/z = 1012.47 (M4- + H+), 1019.82 

(M4- + Na+). 

(i) TGA: theoretically = 17.61%, observed: 15.16% or 18.06%. 

 

 

  



Molecular Characterization of POM-SH bolaamphiphiles LX 

SiW11O39-Si2O-(CxHx+2SH)2 bolaamphiphiles (x = 7) 

 



LXI                                                 6. Appendix 

- LXI - 

 

 

(a)  molecular formula of the synthesized surfactant (optimized by DFT calculations); (boron = 

green, carbon = grey, germanium = orange, hydrogen = white, oxygen = red, phosphorus = violet, 

silicon = blue, sulphur = yellow, tungsten = cyan).  

 (b)  1H-NMR: (400 MHz, MeCN-d3) δ(ppm) = 3.15 (s, traces, NCH3); 2.48 (q, 4H, CH2SH); 

1.62-1.29 (m, 20H, alkyl chain); 0.66 (t, 4H, CH2Si(OR)3). 

(c)  13C-NMR: (100 MHz, MeCN-d3) δ(ppm) = 60.93 (NCH3); 34.86-23.68 (alkyl chain); 13.54 

(CH2CH2Si(R)3). 

(d) 29Si-NMR: (79 MHz, DMSO-d6) δ(ppm) = -52.23, -85.12. 

(e)  FT-IR (ATR) (black = lacunary cluster as a reference, blue = bolaamphiphile):  

ν = ~3500 (H2O), 2922 (HC-H), 2852 (HC-H), 1621 (H2O), 1449 (HC-H), 1036 (Si-O), 945 (W=O), 

902 (W-O-W), 878 (W-O-W), 845 (W-O-W), 773 (W-O-W), 728 (W-O-W), 691 (W-O-W). 

(f)  ESI-MS (black = measured data, blue = simulation): m/z = 1003.47 (M4- + H+), 1010.79 

(M4- + Na+), 1516.67 (M4-+ Na+ + H+), 1527.68 (M4-+ 2Na+). 

(g)  ESI-MS (black = measured data, blue = simulation): m/z = 1516.67 (M4-+ Na+ + H+), 

1527.68 (M4-+ 2Na+). 

(h)  ESI-MS (black = measured data, blue = simulation): m/z = 1003.47 (M4- + H+), 1010.79 

(M4- + Na+). 

(i)  TGA: theoretically = 16.91%, observed: 14.88% or 16.77%. 

 

  



Molecular Characterization of POM-SH bolaamphiphiles LXII 

SiW11O39-Si2O-(CxHx+2SH)2 bolaamphiphiles (x = 6) 

 



LXIII                                                 6. Appendix 

- LXIII - 

 

(a)  molecular formula of the synthesized surfactant (optimized by DFT calculations); (boron = 

green, carbon = grey, germanium = orange, hydrogen = white, oxygen = red, phosphorus = violet, 

silicon = blue, sulphur = yellow, tungsten = cyan).  

 (b)  1H-NMR: (400 MHz, MeCN-d3) δ(ppm) = 3.23 (s, 48H, NCH3); 2.49 (q, 4H, CH2SH); 1.65-

1.38 (m, 16H, alkyl chain); 0.67 (t, 4H, CH2Si(OR)3). 

(c)  13C-NMR: (100 MHz, MeCN-d3) δ(ppm) = 56.35 (NCH3); 34.77-23.63 (alkyl chain); 13.50 

(CH2CH2Si(R)3). 

(d) 29Si-NMR: (79 MHz, DMSO-d6) δ(ppm) = -52.23, -85.09. 

(e)  FT-IR (ATR) (black = lacunary cluster as a reference, blue = bolaamphiphile):  

ν = ~3500 (H2O), 2918 (HC-H), 2853 (HC-H), 1622 (H2O), 1482 (HC-H), 1036 (Si-O), 898 (W-O-

W), 878 (W-O-W), 844 (W-O-W), 774 (W-O-W), 734 (W-O-W), 689 (W-O-W). 

(f)  ESI-MS (black = measured data, blue = simulation): m/z = 994.18 (M4- + H+), 1001.11 

(M4- + Na+), 1502.17 (M4-+ 2H+), 1513.17 (M4-+ Na+ + H+), 1527.73 (M4-+ 2Na+), 1538.21 (M4-+ 

Na+ + TMA+), 1564.77 (M4-+ 2Na+). 

(g)  ESI-MS (black = measured data, blue = simulation): m/z = 1502.17 (M4-+ 2H+), 1513.17 

(M4-+ Na+ + H+), 1527.73 (M4-+ 2Na+), 1538.21 (M4-+ Na+ + TMA+), 1564.77 (M4-+ 2Na+). 

(h)  ESI-MS (black = measured data, blue = simulation): m/z = 994.18 (M4- + H+), 1001.11 

(M4- + Na+). 

(i) TGA: theoretically = 16.20%, observed: 13.78% or 15.14%. 

 

 

  



Molecular Characterization of POM-SH bolaamphiphiles LXIV 

SiW11O39-Si2O-(CxHx+2SH)2 bolaamphiphiles (x = 5) 

 



LXV                                                 6. Appendix 

- LXV - 

 

 

(a)  molecular formula of the synthesized surfactant (optimized by DFT calculations); (boron = 

green, carbon = grey, germanium = orange, hydrogen = white, oxygen = red, phosphorus = violet, 

silicon = blue, sulphur = yellow, tungsten = cyan).  

(b)
 
 1H-NMR: (400 MHz, MeCN-d3) δ(ppm) = 3.23 (s, 48H, NCH3); 2.52 (q, 4H, CH2SH); 1.68-

1.46 (m, 12H, alkyl chain); 0.68 (t, 4H, CH2Si(OR)3). 

(c)
 
 13C-NMR: (100 MHz, MeCN-d3) δ(ppm) = 34.70-23.17 (alkyl chain); 13.39 

(CH2CH2Si(R)3). 

(d) 29Si-NMR: (79 MHz, DMSO-d6) δ(ppm) = -52.25, -85.10. 

(e)  FT-IR (ATR) (black = lacunary cluster as a reference, blue = bolaamphiphile):  

ν = ~3500 (H2O), 2924 (HC-H), 2855 (HC-H), 1623(H2O), 1457 (HC-H), 1034 (Si-O), 896 (W-O-

W), 877 (W-O-W), 844 (W-O-W), 774 (W-O-W), 737 (W-O-W), 674 (W-O-W). 

(f)  ESI-MS (black = measured data, blue = simulation): m/z = 984.77 (M4- + H+), 992.10 

(M4- + Na+), 1488.15 (M4-+ Na+ + H+), 1499.65 (M4-+ 2Na+). 

(g)  ESI-MS (black = measured data, blue = simulation): m/z = 1488.15 (M4-+ Na+ + H+), 

1499.65 (M4-+ 2Na+). 

(h)  ESI-MS (black = measured data, blue = simulation): m/z = 984.77 (M4- + H+), 992.10 

(M4- + Na+). 

(i) TGA: theoretically = 15.48%, observed: 13.85% or 14.99%. 

 

 

  



Molecular Characterization of POM-SH bolaamphiphiles LXVI 

SiW11O39-Si2O-(CxHx+2SH)2 bolaamphiphiles (x = 4) 

 



LXVII                                                 6. Appendix 

- LXVII - 

 

(a)  molecular formula of the synthesized surfactant (optimized by DFT calculations); (boron = 

green, carbon = grey, germanium = orange, hydrogen = white, oxygen = red, phosphorus = violet, 

silicon = blue, sulphur = yellow, tungsten = cyan).  

(b)
 
 1H-NMR: (400 MHz, MeCN-d3) δ(ppm) = 3.28 (s, traces, NCH3); 2.55 (q, 4H, CH2SH); 

1.80-1.60 (m, 8H, alkyl chain); 0.68 (t, 4H, CH2Si(OR)3). 

(c)
 
 13C-NMR: (100 MHz, MeCN-d3) δ(ppm) = 37.77-22.58 (alkyl chain); 12.91 

(CH2CH2Si(R)3). 

(d) 29Si-NMR: (79 MHz, DMSO-d6) δ(ppm) = -52.40, -85.10. 

(e)  FT-IR (ATR) (black = lacunary cluster as a reference, blue = bolaamphiphile):  

ν = ~3500 (H2O), 2924 (HC-H), 1620 (H2O), 1451 (HC-H), 1036 (Si-O), 968 (W=O), 898 (W-O-

W), 878 (W-O-W), 846 (W-O-W), 774 (W-O-W), 727 (W-O-W), 691 (W-O-W). 

(f)  ESI-MS (black = measured data, blue = simulation): m/z = 975.42 (M4- + H+), 982.76 

(M4- + Na+), 1474.63 (M4-+ Na+ + H+), 1485.63 (M4-+ 2Na+). 

(g)  ESI-MS (black = measured data, blue = simulation): m/z = 1474.63 (M4-+ Na+ + H+), 

1485.63 (M4-+ 2Na+). 

(h)  ESI-MS (black = measured data, blue = simulation): m/z = 975.42 (M4- + H+), 982.76 

(M4- + Na+). 

(i) TGA: theoretically = 14.74%, observed: 11.27% or 13.64%. 

 

 

 

  



Molecular Characterization of POM-SH bolaamphiphiles LXVIII 

PW11O39-Si2O-(CxHx+2SH)2 bolaamphiphiles (x = 10) 

 



LXIX                                                 6. Appendix 

- LXIX - 

 

(a)  molecular formula of the synthesized surfactant (optimized by DFT calculations); (boron = 

green, carbon = grey, germanium = orange, hydrogen = white, oxygen = red, phosphorus = violet, 

silicon = blue, sulphur = yellow, tungsten = cyan).  

(b)
 
 1H-NMR: (400 MHz, DMSO-d6) δ(ppm) = 2.44 (q, 4H, CH2SH); 1.53-1.20 (m, 32H, alkyl 

chain); 0.71 (t, 4H, CH2Si(OR)3). 

(c)
 
 13C-NMR: (100 MHz, DMSO-d6) δ(ppm) = 33.38-22.11 (alkyl chain); 11.85 

(CH2CH2Si(R)3). 

(d) 29Si-NMR: (79 MHz, DMSO-d6) δ(ppm) = -51.75. 

(e)  31P-NMR: (162 MHz, DMSO-d6) δ(ppm) = -14.39 (PW11-SH). 

(f)  FT-IR (ATR) (black = lacunary cluster as a reference, violet = bolaamphiphile):  

ν = ~3500 (H2O), 2925 (HC-H), 2852 (HC-H), 1622 (H2O), 1462 (HC-H), 1111 (Si-O-Si), 1035 (Si-

O), 956 (W=O), 860 (W-O-W), 772 (W-O-W), 730 (W-O-W), 696 (W-O-W). 

(g) ESI-MS (black = measured data, violet = simulation): m/z = 1032.12 (M3-), 1046.45 (M5- 

+ 2Na+), 1548.67 (M3-+ H+), 1559.66 (M3-+ Na+). 

(h)  ESI-MS (black = measured data, violet = simulation): m/z = 1548.67 (M3-+ H+), 1559.66 

(M3-+ Na+). 

(i)  ESI-MS (black = measured data, violet = simulation): m/z = 1032.12 (M3-), 1046.45 (M5- 

+ 2Na+). 

 

 

  



Molecular Characterization of POM-SH bolaamphiphiles LXX 

PW11O39-Si2O-(C16H33)2 – classical surfactant 

 



LXXI                                                 6. Appendix 

- LXXI - 

(a)   molecular formula of the synthesized surfactant (just structural optimized by DFT 

calculations, geom. gradient = 0.5E-3); (boron = green, carbon = grey, germanium = orange, hydrogen 

= white, oxygen = red, phosphorus = violet, silicon = blue, sulphur = yellow, tungsten = cyan).  

(b)
  1

H-NMR: (400 MHz, DMSO-d
6
) δ(ppm) = 3.13 (TMA), 1.66-1.12 (m, 48H, alkyl chain); 

0.85 (t, 6H, CH
3
), 0.70 (t, 4H, CH

2
Si(OR)

3
). 

(c)
  13

C-NMR: (100 MHz, DMSO) δ(ppm) = 31.80-22.02 (alkyl chain); 13.87 (CH
2
CH

2
Si(R)

3
), 

11.82 (Alkyl-CH
3
). 

(d) 
29

Si-NMR: (79 MHz, DMSO) δ(ppm) = -51.79. 

(e)  31P-NMR: (162 MHz, DMSO-d6) δ(ppm) = -14.38 (PW11-Alkyl. 

(f) ESI-MS (black = measured data, violet = simulation): m/z = 1066.87 (M3-), 1611.84 (M3- 

+ Na+). 

(g) ESI-MS (black = measured data, violet = simulation): m/z = 1066.87 (M3-).  

(h) ESI-MS (black = measured data, violet = simulation): m/z = 1611.84 (M3- + Na+). 

 

 

  



Molecular Characterization of POM-SH bolaamphiphiles LXXII 

SiW11O39-Si2O-(C16H33)2 – classical surfactant 

 



LXXIII                                                 6. Appendix 

- LXXIII - 

(a)   molecular formula of the synthesized surfactant (just structural optimized by DFT 

calculations, geom. gradient = 0.5E-3); (boron = green, carbon = grey, germanium = orange, hydrogen 

= white, oxygen = red, phosphorus = violet, silicon = blue, sulphur = yellow, tungsten = cyan).  

(b)
 
 1H-NMR: (400 MHz, MeCN-d3) δ(ppm) = 3.14 (TMA), 1.60-1.17 (m, 48H, alkyl chain); 

0.90 (t, 6H, CH3), 0.66 (t, 4H, CH2Si(OR)3). 

(c)
 
 13C-NMR: (100 MHz, MeCN) δ(ppm) = 54.40 (TMA), 31.71-21.30 (alkyl chain); 12.74 

(CH2CH2Si(R)3), 11.84 (Alkyl-CH3). 

(d)  29Si-NMR: (79 MHz, DMSO) δ(ppm) = -54.46 (Si-linkage), 84.95 (cluster). 

(e)  ESI-MS (black = measured data, blue = simulation): m/z = 1073.23 (M4- + Na+), 1621.34 

(M4- + 2Na+). 

(f)  ESI-MS (black = measured data, blue = simulation):  m/z = 1073.23 (M4- + Na+). 

(g)  ESI-MS (black = measured data, blue = simulation):  m/z = 1621.34 (M4- + 2Na+). 

 

 

 

 

  



Molecular Characterization of POM-SH bolaamphiphiles LXXIV 

BW11O39-Si2O-(C16H33)2 – classical surfactant 

 



LXXV                                                 6. Appendix 

- LXXV - 

 

(a)   molecular formula of the synthesized surfactant (just structural optimized by DFT 

calculations, geom. gradient = 0.5E-3); (boron = green, carbon = grey, germanium = orange, hydrogen 

= white, oxygen = red, phosphorus = violet, silicon = blue, sulphur = yellow, tungsten = cyan).  

(b)  1H-NMR: (400 MHz, DMSO-d6) δ(ppm) = 3.14 (TMA), 1.50-1.10 (m, 48H, alkyl chain); 

0.85 (t, 6H, CH3), 0.65 (t, 4H, CH2Si(OR)3). 

(c)  13C-NMR: (100 MHz, DMSO) δ(ppm) = 54.40 (TMA), 32.04-22.01 (alkyl chain); 13.36 

(CH2CH2Si(R)3), 11.84 (Alkyl-CH3). 

(d)  11B-NMR: (128 MHz, DMSO) δ(ppm) = 1.27 (BW11-Alkyl-SH). 

(e)  29Si-NMR: (79 MHz, DMSO) δ(ppm) = -49.54. 

(f)  ESI-MS (black = measured data, green = simulation): m/z = 1065.29 (M5- + H+ + Na+), 

1564.50 (M5- + 4K+). 

(g)  ESI-MS (black = measured data, green = simulation): m/z = 1065.29 (M5- + H+ + Na+). 

(h)  ESI-MS (black = measured data, green = simulation): m/z = 1564.50 (M5- + 4K+). 

 

 

  



Molecular Characterization of POM-SH bolaamphiphiles LXXVI 

SiW11O39-Si2O-(C8H7SH)2 – aromatic thiol surfactant 

 



LXXVII                                                 6. Appendix 

- LXXVII - 

(a)  molecular formula of the synthesized surfactant (optimized by DFT calculations); (boron = 

green, carbon = grey, germanium = orange, hydrogen = white, oxygen = red, phosphorus = violet, 

silicon = blue, sulphur = yellow, tungsten = cyan).  

(b)
 
 1H-NMR: (400 MHz, MeCN-d3) δ(ppm) = 7.7 - 7.0 (m, 16H, aromatic chain); 0.73 (m, 4H, 

CH2Si(OR)3). 

(c)
 
 13C-NMR: (100 MHz, MeCN-d3) δ(ppm) = 129.21, 127.07 (aromatic chain), 14.55 

(CH2Si(R)3). (d) 29Si-NMR: (79 MHz, DMSO-d6) δ(ppm) = -64.87 (Si-linkage), -85.42 (Si-

Cluster).  

(e)  ESI-MS (black = measured data, blue = simulation): m/z = 1458.61 (M4- fragment 

containing a single chain and Me + Na+ and H+ as counter ions). 

(f)  ESI-MS (black = measured data, blue = simulation): m/z = 1458.61 (M4- fragment 

containing a single chain and Me + Na+ and H+ as counter ions).  

(g)  FT-IR (ATR) (black = lacunary cluster as a reference, blue = bolaamphiphile):  

ν = ~3500 (H2O), 1611 (H2O), 1451 (HC-H), 1110 (Si-O-Si), 1041 (Si-O), 1018 (W-O-W), 980 

(W=O), 917 (W-O-W), 885 (W-O-W), 774 (W-O-W), 727 (W-O-W), 698 (W-O-W). 

 (h) TGA: theoretically = 8.05%, observed: 8.70% or 13.25%. 

 

 

  



Molecular Characterization of POM-SH bolaamphiphiles LXXVIII 

GeW11O39-Si2O-(C8H7SH)2 – aromatic thiol surfactant 

 



LXXIX                                                 6. Appendix 

- LXXIX - 

(a)  molecular formula of the synthesized surfactant (optimized by DFT calculations); (boron = 

green, carbon = grey, germanium = orange, hydrogen = white, oxygen = red, phosphorus = violet, 

silicon = blue, sulphur = yellow, tungsten = cyan).  

(b)
 
 1H-NMR: (400 MHz, MeCN-d3) δ(ppm) = 8.0 – 7.0 (m, 16H, aromatic chain); 6.3 – 6.0 (m, 

3H, vinyl); 0.72 (m, 4H, CH2Si(OR)3).  

(c)
 
 13C-NMR: (100 MHz, MeCN-d3) δ(ppm) = 137.45, 136.85, 129.41, 128.73 (aromatic chain), 

118 (vinyl), 22.50 (CH2Si(R)3).  

(d)  ESI-MS (black = measured data, orange = simulation): m/z = 1481.65 (M4- fragment 

containing a single chain and Me + Na+ and H+ as counter ions), 1542.09 (M4-+ Na+ + H+).  

(e)  ESI-MS (black = measured data, orange = simulation): m/z = 1481.65 (M4- fragment 

containing a single chain and Me + Na+ and H+ as counter ions). 

(f)  ESI-MS (black = measured data, orange = simulation): m/z = 1542.09 (M4-+ Na+ + H+).  

(g)  FT-IR (ATR) (black = lacunary cluster as a reference, orange = bolaamphiphile):  

ν = ~3500 (H2O), 2270 (HC-H arom), 1602 (water), 1110 (Si-O-Si), 1020 (Ge-O), 965 (W=O), 946 

(W=O), 888 (W-O-W), 853 (W-O-W), 770 (Ge-O), 723 (W-O-W), 683 (W-O-W). 

 

 

 

  



Molecular Characterization of POM-SH bolaamphiphiles LXXX 

BW11O39-Si2O-(C8H7SH)2 – aromatic thiol surfactant 

 



LXXXI                                                 6. Appendix 

- LXXXI - 

(a)  molecular formula of the synthesized surfactant (optimized by DFT calculations); (boron = 

green, carbon = grey, germanium = orange, hydrogen = white, oxygen = red, phosphorus = violet, 

silicon = blue, sulphur = yellow, tungsten = cyan).  

(b)
 
 1H-NMR: (400 MHz, MeCN-d3) δ(ppm) = 8.0 – 7.0 (m, 16H, aromatic chain); 0.74 (t, 4H, 

CH2Si(OR)3).  

(c)
 
 11B-NMR: (128 MHz, DMSO) δ(ppm) = 1.24 (BW11-Arom.-SH). 

(d) 13C-NMR: (100 MHz, MeCN-d3) δ(ppm) = 137.33, 128.40 118.07 (aromatic chain), 18.55 

(CH2Si(R)3).  

(d)  ESI-MS (black = measured data, green = simulation): m/z = 1462.63 (M5- fragment 

containing a single chain and Me + Na+ and 2H+ as counter ions), 1511.14 (M4-+ Na+ + 2H+).  

(e)  ESI-MS (black = measured data, green = simulation): m/z = 1462.63 (M5- fragment 

containing a single chain and Me + Na+ and 2H+ as counter ions).  

(f)  ESI-MS (black = measured data, green = simulation): m/z = 1511.14 (M5-+ Na+ + 2H+).  

(g)  FT-IR (ATR) (black = lacunary cluster as a reference, green = bolaamphiphile):  

ν = ~3500 (H2O), 2270 (arom. HC-H), 1611 (water), 1111 (Si-O-Si), 1029 (B-O), 957 (W=O), 891 

(W-O-W), 853 (), 776 (W-O-W), 719 (W-O-W). 

  



Molecular Characterization of POM-SH bolaamphiphiles LXXXII 

PW11O39-Si2O-(C27H31Si(iPr)3)2 – aromatic TIPS-surfactant[298]
 

 

 



LXXXIII                                                 6. Appendix 

- LXXXIII - 

 

(a)  molecular formula of the synthesized surfactant (optimized by DFT calculations); (boron = 

green, carbon = grey, germanium = orange, hydrogen = white, oxygen = red, phosphorus = violet, 

silicon = blue, sulphur = yellow, tungsten = cyan).  

(b)
 
 1H-NMR: (400 MHz, DMSO-d6) δ(ppm) = 7.65 -7.35 (m, 16H, aromatic); 6.48 (d, 2H, 

vinyl) 5.72 (s, 2H, vinyl), 2.05 (MeCN, impurity), 1.95 (s, 6H, TIPS); 1.10 (d, 36H, TIPS). 

(c)
 
 13C-NMR: (100 MHz, DMSO-d6) δ(ppm) = 132-127 (aromatic), 118.00 (MeCN, impurity), 

18.34 (TIPS), 10.72 (TIPS), 1.00 (MeCN, impurity). 

(d) 29Si-NMR: (79 MHz, DMSO-d6) δ(ppm) = -2.12 (TIPS), -63.85 (Si-Linkage). 

(e)  31P-NMR: (162 MHz, DMSO-d6) δ(ppm) = -14.35 (PW11-Surf). 

(f) ESI-MS (black = measured data, violet = simulation): = 1796.38 (M3- + TMA+).  

(g)  ESI-MS (black = measured data, violet = simulation): m/z = = 1796.38 (M3- + TMA+). 

 

 



Self-assembly and surface tension properties of bolaamphiphiles LXXXIV 

Self-assembly and surface tension properties of bolaamphiphiles 

(EW11-CxH2xSH, E = Si, Ge, B) 

Self-assembly & Surface Activity of BW11O39-Si2O-(CxHx+2SH)2 bolaamphiphiles 

(x = 4-10) 
 

 

  



LXXXV                                                 6. Appendix 

- LXXXV - 

(a) Self-assembly behaviour (measured by DLS, black) and surface tension (measured by 

pendant drop, green) of BW11O39-Si2O-(CxHx+2SH)2 bolaamphiphiles (x = 4) showing 

vesicles in a range of dH = 20-250 nm and a minimal surface tension of 62 mN/m.  

 

(b) Self-assembly behaviour (measured by DLS, black) and surface tension (measured by 

pendant drop, green) of BW11O39-Si2O-(CxHx+2SH)2 bolaamphiphiles (x = 5) showing 

vesicles in a range of dH = 20-220 nm and a minimal surface tension of 63 mN/m. 

 

(c) Self-assembly behaviour (measured by DLS, black) and surface tension (measured by 

pendant drop, green) of BW11O39-Si2O-(CxHx+2SH)2 bolaamphiphiles (x = 6) showing 

vesicles in a range of dH = 50-150 nm and a minimal surface tension of 59 mN/m. 

 

(d) Self-assembly behaviour (measured by DLS, black) and surface tension (measured by 

pendant drop, green) of BW11O39-Si2O-(CxHx+2SH)2 bolaamphiphiles (x = 7) showing 

vesicles in a range of dH = 80-400 nm and a minimal surface tension of 60 mN/m. 

 

(e) Self-assembly behaviour (measured by DLS, black) and surface tension (measured by 

pendant drop, green) of BW11O39-Si2O-(CxHx+2SH)2 bolaamphiphiles (x = 8) showing 

vesicles in a range of dH = 200-250 nm and a minimal surface tension of 60 mN/m. 

 

(f) Self-assembly behaviour (measured by DLS, black) and surface tension (measured by 

pendant drop, green) of BW11O39-Si2O-(CxHx+2SH)2 bolaamphiphiles (x = 10) showing 

vesicles in a range of dH = 150-2500 nm and a minimal surface tension of 56 mN/m.  

  



Self-assembly and surface tension properties of bolaamphiphiles LXXXVI 

Self-assembly & Surface Activity of SiW11O39-Si2O-(CxHx+2SH)2 bolaamphiphiles  

(x = 4-10) 
 

 

 

 

  



LXXXVII                                                 6. Appendix 

- LXXXVII - 

(a) Self-assembly behaviour (measured by DLS, black) and surface tension (measured by 

pendant drop, blue) of SiW11O39-Si2O-(CxHx+2SH)2 bolaamphiphiles (x = 4) showing 

vesicles in a range of dH = 70-200 nm and a minimal surface tension of 72 mN/m.  

 

(b) Self-assembly behaviour (measured by DLS, black) and surface tension (measured by 

pendant drop, blue) of SiW11O39-Si2O-(CxHx+2SH)2 bolaamphiphiles (x = 5) showing 

vesicles in a range of dH = 20-150 nm and a minimal surface tension of 57 mN/m. 

 

(c) Self-assembly behaviour (measured by DLS, black) and surface tension (measured by 

pendant drop, blue) of SiW11O39-Si2O-(CxHx+2SH)2 bolaamphiphiles (x = 6) showing 

vesicles in a range of dH = 30-150 nm and a minimal surface tension of 55 mN/m. 

 

(d) Self-assembly behaviour (measured by DLS, black) and surface tension (measured by 

pendant drop, blue) of SiW11O39-Si2O-(CxHx+2SH)2 bolaamphiphiles (x = 7) showing 

vesicles in a range of dH = 30-230 nm and a minimal surface tension of 55 mN/m. 

 

(e) Self-assembly behaviour (measured by DLS, black) and surface tension (measured by 

pendant drop, blue) of SiW11O39-Si2O-(CxHx+2SH)2 bolaamphiphiles (x = 8) showing 

vesicles in a range of dH = 30-150 nm and a minimal surface tension of 56 mN/m. 

 

(f) Self-assembly behaviour (measured by DLS, black) and surface tension (measured by 

pendant drop, blue) of SiW11O39-Si2O-(CxHx+2SH)2 bolaamphiphiles (x = 10) showing 

vesicles in a range of dH = 300-500 nm and a minimal surface tension of 45 mN/m.  

 



Self-assembly and surface tension properties of bolaamphiphiles LXXXVIII 

Self-assembly & Surface Activity of GeW11O39-Si2O-(CxHx+2SH)2 bolaamphiphiles  

(x = 4-10) 

 

 

 

 

  



LXXXIX                                                 6. Appendix 

- LXXXIX - 

(a) Self-assembly behaviour (measured by DLS, black) and surface tension (measured by 

pendant drop, orange) of GeW11O39-Si2O-(CxHx+2SH)2 bolaamphiphiles (x = 4) showing 

vesicles in a range of dH = 70-150 nm and a minimal surface tension of 46 mN/m.  

 

(b) Self-assembly behaviour (measured by DLS, black) and surface tension (measured by 

pendant drop, orange) of GeW11O39-Si2O-(CxHx+2SH)2 bolaamphiphiles (x = 5) showing 

vesicles in a range of dH = 45-100 nm and a minimal surface tension of 49 mN/m. 

 

(c) Self-assembly behaviour (measured by DLS, black) and surface tension (measured by 

pendant drop, orange) of GeW11O39-Si2O-(CxHx+2SH)2 bolaamphiphiles (x = 6) showing 

vesicles in a range of dH = 60-200 nm and a minimal surface tension of 50 mN/m. 

 

(d) Self-assembly behaviour (measured by DLS, black) and surface tension (measured by 

pendant drop, orange) of GeW11O39-Si2O-(CxHx+2SH)2 bolaamphiphiles (x = 7) showing 

vesicles in a range of dH = 50-250 nm and a minimal surface tension of 53 mN/m. 

 

(e) Self-assembly behaviour (measured by DLS, black) and surface tension (measured by 

pendant drop, orange) of GeW11O39-Si2O-(CxHx+2SH)2 bolaamphiphiles (x = 8) showing 

vesicles in a range of dH = 25-150 nm and a minimal surface tension of 56 mN/m. 

 

  



Self-assembly and surface tension properties of bolaamphiphiles XC 

Self-assembly & Surface Activity of SiW11O39-Si2O-(CxHx+2SH)2 bolaamphiphiles (x = 

4-10) in a range of 20°C up to 80°C (temperature kinetic). 
 

 

 

  



XCI                                                 6. Appendix 

- XCI - 

(a) Self-assembly behaviour (measured by DLS) of SiW11O39-Si2O-(CxHx+2SH)2 

bolaamphiphiles (x = 4) while heating up the sample to 80 °C (red) and cooling it down to 

20 °C again (concentration = 5 mg/mL, equilibration time = 30 min, average of 6 

measurements per temperature).Vesicles in a range of dH = 75-150 nm are constantly 

measurable at all temperatures.  

(b) Self-assembly behaviour (measured by DLS) of SiW11O39-Si2O-(CxHx+2SH)2 

bolaamphiphiles (x = 5) while heating up the sample to 80 °C (red) and cooling it down to 

20 °C again (concentration = 5 mg/mL, equilibration time = 30 min, average of 6 

measurements per temperature).Vesicles in a range of dH = 25-100 nm are constantly 

measurable at all temperatures.  

(c) Self-assembly behaviour (measured by DLS) of SiW11O39-Si2O-(CxHx+2SH)2 

bolaamphiphiles (x = 6) while heating up the sample to 80 °C (red) and cooling it down to 

20 °C again (concentration = 5 mg/mL, equilibration time = 30 min, average of 6 

measurements per temperature).Vesicles in a range of dH = 25-200 nm are constantly 

measurable at all temperatures.  

(d) Self-assembly behaviour (measured by DLS) of SiW11O39-Si2O-(CxHx+2SH)2 

bolaamphiphiles (x = 7) while heating up the sample to 80 °C (red) and cooling it down to 

20 °C again (concentration = 5 mg/mL, equilibration time = 30 min, average of 6 

measurements per temperature).Vesicles in a range of dH = 75-150 nm are constantly 

measurable at all temperatures.  

(e) Self-assembly behaviour (measured by DLS) of SiW11O39-Si2O-(CxHx+2SH)2 

bolaamphiphiles (x = 8) while heating up the sample to 80 °C (red) and cooling it down to 

20 °C again (concentration = 5 mg/mL, equilibration time = 30 min, average of 6 

measurements per temperature).Vesicles in a range of dH = 25-250 nm are constantly 

measurable at all temperatures.  

(f) Self-assembly behaviour (measured by DLS) of SiW11O39-Si2O-(CxHx+2SH)2 

bolaamphiphiles (x = 10) while heating up the sample to 80 °C (red) and cooling it down to 

20 °C again (concentration = 5 mg/mL, equilibration time = 30 min, average of 6 

measurements per temperature).Vesicles in a range of dH = 200-400 nm are constantly 

measurable at all temperatures.  

 

 

 

 

 



Stability of surfactants in aqueous solutions  XCII 

Stability of surfactants (EW11-CxH2xSH (E = Si, Ge, B) and EW11-C16H33  

(E = P, Si, B))  in aqueous solutions 

NMR-Kinetics in D2O 
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- XCIII - 

NMR-kinetic of 100 mg POM-based surfactants (1eq = 33 µmol) in aqueous solution (0.5 mL D2O). 

A significant decomposition of all phosphorus-based POM surfactants was measurable, while 

silicon-based are more and boron-based POM surfactants are fully stable. 

By addition of 5 µL ethanethiol (2eq. = 67 µmol) a rise in decay was measurable (h). 

(a)  31P-NMR of PW11-C16H33: (162 MHz, D2O) δ(ppm) = -12.47 (decomposed surfactant), -

13.66 (PW11-C16H33), -13.87 (decomposed surfactant), -15.23 (PW12O40
3-). 

(b)  31P-NMR of PW11-C10H20SH: (162 MHz, D2O) δ(ppm) = -13.19 (decomposed surfactant), -

14.39 (PW11-C10H20-SH), -14.60 (decomposed surfactant), -15.97 (PW12O40
3-). 

(c)  29Si-NMR of SiW11-C16H33: (79 MHz, D2O) δ(ppm) = -83.72 (decomposed surfactant), -

85.17 (SiW11-C16H33). 

(d)  29Si-NMR of SiW11-C10H20SH: (79 MHz, D2O) δ(ppm) = -83.57 (decomposed product), -

85.15 (Si-SiW11-SH). 

(e)  11B-NMR of BW11-C16H33: (128 MHz, D2O) δ(ppm) = 1.92 (BW11-C16H33). 

(f)  11B-NMR of BW11-C10H20SH: (128 MHz, D2O) δ(ppm) = 1.24 (BW11-C10H20-SH). 

(g)  31P-NMR of PW11-C27H31TIPS: (162 MHz, D2O) δ(ppm) = -12.35 (PW11-C27H31-Si(iPr)3), -

13.78 (decomposed surfactant). 

(h)  31P-NMR of PW11-C16H33 + EtSH: (162 MHz, D2O) δ(ppm) = -12.48 (decomposed 

surfactant), -13.66 (PW11-C16H33), -13.87 (decomposed surfactant), -15.23 (PW12O40
3-). 

 

 

 

  



Stability of surfactants in aqueous solutions  XCIV 

Table Stability-1: Proving the stability of numerous surfactants in D2O. While the phosphorus based 

polyoxometalate surfactants show a very fast degradation (some hours), the silicon based (some 

days) are much more stable. The boron-based surfactants are fully stable. Furthermore, a faster decay 

was measured for surfactants showing a bolaform architecture [EW11O39-Si2O-(C10H20SH)2]. Finally, 

by addition of 5 µL of an alkyl thiol (ethanethiol = EtSH), the degradation of PW11-C16H33 speeds 

up. 

 

Time 

[h] 

SiW11-

C10H20-

SH 

Time 

[h] 

BW11-

C10H20-

SH 

PW11-

C10H20-

SH 

PW11-

C27H31-

TIPS[298] 

Time 

[h] 

PW11-

C16H33 

BW11-

C16H33 

SiW11-

C16H33 

Time 

[h] 

PW11-

C16H33 

+EtSH 

0 100 0 100 76 100 0 98 100 100 0 99 

6.5 100 6 100 56 100 24 95 100 85 0.25 31 

13 100 12 100 49 100 48 72 100 73 1 21 

19.5 100 18 100 44 100 72 58 100 66   

26 100 24 100 43 92 96 51 
  

  

32.5 100 30 100 39 81 120 44 
  

  

39 84 36 100 36 76 144 36 
  

  

45.5 77 42 100 35 71 168 33 
  

  

52 85 48 100 31 73 192 30 
  

  

58.5 82 54 100 30 69 
 

 
  

  

65 82 60 100 29 67 
 

 
  

  

71.5 74 66 100 28 67 
 

 
  

  
  

72 100 26 65 
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- XCV - 

NMR-Kinetics in DMSO 

 

 

  



Stability of surfactants in aqueous solutions  XCVI 

NMR-kinetic of 100 mg POM-based surfactants (1eq = 33 µmol) in DMSO-d6 (0.5 mL). All POM 

surfactants are fully stable for 3 days.  

(a)  31P-NMR of PW11-C16H33: (162 MHz, DMSO-d6) δ(ppm) = -14.39. 

(b)  31P-NMR of PW11-C10H20-SH: (162 MHz, DMSO-d6) δ(ppm) = -14.39. 

(c)  29Si-NMR of SiW11-C16H33: (79 MHz, DMSO-d6) δ(ppm) = -50.44 (Si-Linkage), -85.15 (Si-

Cluster). 

(d)  29Si-NMR of SiW11-C10H20-SH: (79 MHz, DMSO-d6) δ(ppm) = -50.44 (Si-Linkage), -85.15 

(Si-Cluster). 

(e)  11B-NMR of BW11-C16H33: (128 MHz, DMSO-d6) δ(ppm) = 1.92. 

(f)  11B-NMR of BW11-C10H20-SH: (128 MHz, DSMO-d6) δ(ppm) = 1.24. 
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- XCVII - 

Table Stability-2: Proving the stability of numerous surfactants in DMSO. While most of the 

polyoxometalate surfactants show a degradation in aqueous solutions, in DMSO all surfactants are 

completely stable. Just the phosphorus-based bola-amphiphile showed some degradation products, 

which can be attributed to the ion exchange process done before. All data was required by integrating 

the NMR kinetics shown before. 

 

Time 

[h] 

SiW11-

C10H20-

SH 

Time 

[h] 

BW11-

C10H20-

SH 

PW11-

C10H20-

SH 

Time 

[h] 

BW11-

C16H33 

SiW11-

C16H33 

PW11-

C16H33 

0 100 0 100 79 0 100 100 100 

6.5 100 6 100 79 24 100 100 100 

13 100 12 100 79 48 100 100 100 

19.5 100 18 100 79 72 100 100 100 

26 100 24 100 79 
    

32.5 100 30 100 79 
    

39 100 36 100 79 
    

45.5 100 42 100 79 
    

52 100 48 100 79 
    

58.5 100 54 100 79 
    

65 100 60 100 79 
    

71.5 100 66 100 79 
    

  
72 

      

  



Stability of surfactants in aqueous solutions  XCVIII 

Kinetic of SiW11O39-Si2O-(C5H10SH)2 in aqueous solution 
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- XCIX - 

ESI-MS measurements of SiW11O39-Si2O-(C10H20SH)2 (black = measured data, blue = simulation).  

(a) directly measured. 

(b) directly measured (enlarged). 

ESI-MS: m/z = 1488.16 (complete surfactant; HNa[SiW11O39-Si2O-(C10H20SH)2]), 1499.15 

(complete surfactant; Na2[SiW11O39-Si2O-(C10H20SH)2]). 

 (c) after 1 week in aqueous solution. 

(d) after 1 week in aqueous solution (enlarged). 

ESI-MS: m/z = 1477.66 (complete surfactant; H2[SiW11O39-Si2O-(C10H20SH)2]), 1488.16 (complete 

surfactant; HNa[SiW11O39-Si2O-(C10H20SH)2]), 1499.15 (complete surfactant; Na2[SiW11O39-Si2O-

(C10H20SH)2]). 

(e) after 1 month in aqueous solution. 

(f) after 1 month in aqueous solution (enlarged). 

ESI-MS: m/z = 1448.62 (decomposed one-chained surfactant; H[SiW11O39-Si2O-(C10H20SH)]), 

1459.62 (decomposed one-chained surfactant; Na[SiW11O39-Si2O-(C10H20SH)]), 1488.16 (complete 

surfactant; HNa[SiW11O39-Si2O-(C10H20SH)2]), 1499.15 (complete surfactant; Na2[SiW11O39-Si2O-

(C10H20SH)2]). 

 

  



Stability of surfactants in aqueous solutions  C 

Kinetic of GeW11O39-Si2O-(C5H10SH)2 in aqueous solution 
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- CI - 

ESI-MS measurements of GeW11O39-Si2O-(C10H20SH)2 (black = measured data, orange = 

simulation).  

(a) directly measured. 

(b) directly measured (enlarged). 

ESI-MS: m/z = 1521.25 (complete surfactant; Na2[GeW11O39-Si2O-(C10H20SH)2]). 

 (c) after 1 week in aqueous solution. 

(d) after 1 week in aqueous solution (enlarged). 

ESI-MS: m/z = 1460.10 (decomposed one-chained surfactant; Na[GeW11O39-Si2O-(C10H20SH)]), 

1471.09 (decomposed one-chained surfactant; Na2[GeW11O39-Si2O-(C10H20SH)2]), 1482.08 

(decomposed one-chained surfactant; Na3[GeW11O39-Si2O-(C10H20SH)2]). 

(e) after 1 month in aqueous solution. 

(f) after 1 month in aqueous solution (enlarged). 

ESI-MS: m/z = 1471.09 (decomposed one-chained surfactant; Na2[GeW11O39-Si2O-(C10H20SH)2]), 

1482.09 (decomposed one-chained surfactant; Na3[GeW11O39-Si2O-(C10H20SH)2]). 

 

 

 



Cyclic voltammetry measurements of bolaamphiphiles CII 

Cyclic voltammetry measurements of POM-SH amphiphiles  

EW11-CxH2xSH (E = P, Si, Ge, B)  

CV of SiW11O39-Si2O-(C5H10SH)2 in DMSO 
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(a) Cyclic voltammetry of SiW11O39-Si2O-(C5H10SH)2 in DMSO at scan rate 100 mVs-1. As a 

reference ferrocene was used. 

(b) Cyclic voltammetry of SiW11O39-Si2O-(C5H10SH)2 in DMSO at scan rate 25 (dashed), 400 

(dotted) & 2000 (solid) mVs-1. As a reference ferrocene was used. 

(c) Square Wave measurement of SiW11O39-Si2O-(C5H10SH)2 in DMSO. 

(d) Square Wave measurement of SiW11O39-Si2O-(C5H10SH)2 in DMSO, integrated. 

(e) Electrochemical data of SiW11O39-Si2O-(C5H10SH)2 at different scan rates (25-2000mVs-1). 

(f) Electrochemical data of SiW11O39-Si2O-(C5H10SH)2 at the square wave measurement. 

(g) Integrated areas of SiW11O39-Si2O-(C5H10SH)2 during the square wave measurement (cf. 

(d)). 

 

 

  



Cyclic voltammetry measurements of bolaamphiphiles CIV 

CV of SiW11O39-Si2O-(C6H12SH)2 in DMSO 

 

 

  



CV                                                 6. Appendix 

- CV - 

(a) Cyclic voltammetry of SiW11O39-Si2O-(C6H12SH)2 in DMSO at scan rate 100 mVs-1. As a 

reference ferrocene was used. 

(b) Square Wave measurement of SiW11O39-Si2O-(C6H12SH)2 in DMSO. 

(c) Electrochemical data of SiW11O39-Si2O-(C6H12SH)2 at different scan rates (25-2000 mVs-1). 

(d) Electrochemical data of SiW11O39-Si2O-(C6H12SH)2 at the square wave measurement. 

(e) Integrated areas of SiW11O39-Si2O-(C6H12SH)2 during the square wave measurement (cf. (f)). 

(f) Square Wave measurement of SiW11O39-Si2O-(C6H12SH)2 in DMSO, integrated. 

 

 

 

  



Cyclic voltammetry measurements of bolaamphiphiles CVI 

CV of SiW11O39-Si2O-(C10H20SH)2 in DMSO 

 

 

 

(a) Cyclic voltammetry of SiW11O39-Si2O-(C10H20SH)2 in DMSO at scan rate 100 mVs-1. As a 

reference ferrocene was used. 

(b) Square Wave measurement of SiW11O39-Si2O-(C10H20SH)2 in DMSO. 

(c) Electrochemical data of SiW11O39-Si2O-(C10H20SH)2 at different scan rates  

(25-2000 mVs-1). 

(d) Electrochemical data of SiW11O39-Si2O-(C10H20SH)2 at the square wave measurement. 
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CV of GeW11O39-Si2O-(C6H12SH)2 in DMSO 

 

 

(a) Cyclic voltammetry of GeW11O39-Si2O-(C6H12SH)2 in DMSO at scan rate 100 mVs-1. As a 

reference ferrocene was used. 

(b) Square Wave measurement of GeW11O39-Si2O-(C6H12SH)2 in DMSO. 

(c) Electrochemical data of GeW11O39-Si2O-(C6H12SH)2 at different scan rates  

(25-2000 mVs-1). 

(d) Electrochemical data of GeW11O39-Si2O-(C6H12SH)2 at the square wave measurement. 

 

 

  



Cyclic voltammetry measurements of bolaamphiphiles CVIII 

CV of GeW11O39-Si2O-(C8H16SH)2 in DMSO 

 

 

(a) Cyclic voltammetry of GeW11O39-Si2O-(C8H16SH)2 in DMSO at scan rate 100 mVs-1. As a 

reference ferrocene was used. 

(b) Square Wave measurement of GeW11O39-Si2O-(C8H16SH)2 in DMSO. 

(c) Electrochemical data of GeW11O39-Si2O-(C8H16SH)2 at different scan rates  

(25-2000 mVs-1). 

(d) Electrochemical data of GeW11O39-Si2O-(C8H16SH)2 at the square wave measurement. 
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CV of GeW11O39-Si2O-(C10H20SH)2 in DMSO 

 

 

(a) Cyclic voltammetry of GeW11O39-Si2O-(C10H20SH)2 in DMSO at scan rate 100 mVs-1. As a 

reference ferrocene was used. 

(b) Square Wave measurement of GeW11O39-Si2O-(C10H20SH)2 in DMSO. 

(c) Electrochemical data of GeW11O39-Si2O-(C10H20SH)2 at different scan rates  

(25-2000 mVs-1). 

(d) Electrochemical data of GeW11O39-Si2O-(C10H20SH)2 at the square wave measurement. 

  



Cyclic voltammetry measurements of bolaamphiphiles CX 

CV of BW11O39-Si2O-(C6H12SH)2 in DMSO 

 

 

(a) Cyclic voltammetry of BW11O39-Si2O-(C6H12SH)2 in DMSO at scan rate 100 mVs-1. As a 

reference ferrocene was used. 

(b) Square Wave measurement of BW11O39-Si2O-(C6H12SH)2 in DMSO. 

(c) Electrochemical data of BW11O39-Si2O-(C6H12SH)2 at different scan rates (25-2000 mVs-1). 

(d) Electrochemical data of BW11O39-Si2O-(C6H12SH)2 at the square wave measurement. 
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CV of BW11O39-Si2O-(C10H20SH)2 in DMSO 

 

 

(a) Cyclic voltammetry of BW11O39-Si2O-(C10H20SH)2 in DMSO at scan rate 100 mVs-1. As a 

reference ferrocene was used. 

(b) Square Wave measurement of BW11O39-Si2O-(C10H20SH)2 in DMSO. 

(c) Electrochemical data of BW11O39-Si2O-(C10H20SH)2 at different scan rates (25-2000 mVs-1). 

(d) Electrochemical data of BW11O39-Si2O-(C10H20SH)2 at the square wave measurement. 

 

 

  



Cyclic voltammetry measurements of bolaamphiphiles CXII 

CV of PW11O39-Si2O-(C10H20SH)2 in DMSO 

 

 
 

(a) Cyclic voltammetry of PW11O39-Si2O-(C10H20SH)2 in DMSO at scan rate 100 mVs-1. As a 

reference ferrocene was used. 

(b) Square Wave measurement of PW11O39-Si2O-(C10H20SH)2 in DMSO. 

(c) Electrochemical data of PW11O39-Si2O-(C10H20SH)2 at different scan rates (25-2000 mVs-1). 

(d) Electrochemical data of PW11O39-Si2O-(C10H20SH)2 at the square wave measurement. 
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CV of PW11O39-Si2O-(C27H31Si(iPr)3)2 in DMSO[298] 

 

 
 

(a) Cyclic voltammetry of PW11O39-Si2O-(C27H31Si(iPr)3)2 in DMSO at scan rate 100 mVs-1. As 

a reference ferrocene was used. 

(b) Electrochemical data of PW11O39-Si2O-(C10H20SH)2 at a scan rate of 100 mVs-1. 

 

 

 

 

 



DFT calculations of bolaamphiphiles  CXIV 

DFT calculations for bolaamphiphiles (EW11O39-Si2O-(CxHx+2SH)2; x = 4-

10 and E = Si, Ge, B) 

DFT calculation for SiW11O39-Si2O-(CxHx+2SH)2 bolaamphiphiles (x = 4) 

 

 
 

(a) molecular formula of the synthesized surfactant: boron = green, carbon = grey, germanium 

= orange, hydrogen = white, oxygen = red, phosphorus = violet, silicon = blue, sulphur = 

yellow, tungsten = cyan. 

(b) Electrostatic potential of the surfactant (green = hydrophobic, red = hydrophilic).  

(c) HOMO of the mentioned surfactant centred to the cluster of the POM-SH bolaamphiphile 

(cyan = positive spin densities; white = negative spin densities). 

(d) LUMO of the mentioned surfactant centred to the cluster of the POM-SH bolaamphiphile 

(cyan = positive spin densities; white = negative spin densities). 

(e) Table, showing the calculated properties of the surfactant (HOMO, LUMO, HOMO-LUMO-

gap and the Chain-Cluster distance. 
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DFT calculation for SiW11O39-Si2O-(CxHx+2SH)2 bolaamphiphiles (x = 5) 

 

 

  



DFT calculations of bolaamphiphiles  CXVI 

(a) molecular formula of the synthesized surfactant: boron = green, carbon = grey, germanium 

= orange, hydrogen = white, oxygen = red, phosphorus = violet, silicon = blue, sulphur = 

yellow, tungsten = cyan. 

(b) Electrostatic potential of the surfactant (green = hydrophobic, red = hydrophilic).  

(c) HOMO of the mentioned surfactant centred to the cluster of the POM-SH bolaamphiphile 

(cyan = positive spin densities; white = negative spin densities). 

(d) LUMO and LUMO+1 of the mentioned surfactant centred to the chains of the POM-SH 

bolaamphiphile (cyan = positive spin densities; white = negative spin densities). 

(e) Table, showing the calculated properties of the surfactant (HOMO, LUMO, HOMO-LUMO-

gap and the Chain-Cluster distance. 

 

Table – DFT_Si-C5-SH:  

The table mention the energy and localization of all orbitals calculated for a electron transfer to the 

cluster during the AuNP-SURF catalysis. 

 

orbital localization occupation Δ energy [eV] energy [eV] 

320 – LUMO+2 cluster 0 4.36 5.83 

319 – LUMO+1 chain 0 4.09 5.56 

318 – LUMO  chain 0 4.05 5.52 

317 – HOMO cluster 2 0 1.47 
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DFT calculation for SiW11O39-Si2O-(CxHx+2SH)2 bolaamphiphiles (x = 6) 

 

 

(a) molecular formula of the synthesized surfactant: boron = green, carbon = grey, germanium 

= orange, hydrogen = white, oxygen = red, phosphorus = violet, silicon = blue, sulphur = 

yellow, tungsten = cyan. 

(b) Electrostatic potential of the surfactant (green = hydrophobic, red = hydrophilic).  

(c) HOMO of the mentioned surfactant centred to the cluster of the POM-SH bolaamphiphile 

(cyan = positive spin densities; white = negative spin densities). 

(d) LUMO and LUMO+1 of the mentioned surfactant centred to the chains of the POM-SH 

bolaamphiphile (cyan = positive spin densities; white = negative spin densities). 

(e) Table, showing the calculated properties of the surfactant (HOMO, LUMO, HOMO-LUMO-

gap and the Chain-Cluster distance. 

 



DFT calculations of bolaamphiphiles  CXVIII 

DFT calculation for SiW11O39-Si2O-(CxHx+2SH)2 bolaamphiphiles (x = 7) 
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(a) molecular formula of the synthesized surfactant: boron = green, carbon = grey, germanium 

= orange, hydrogen = white, oxygen = red, phosphorus = violet, silicon = blue, sulphur = 

yellow, tungsten = cyan. 

(b) Electrostatic potential of the surfactant (green = hydrophobic, red = hydrophilic).  

(c) HOMO of the mentioned surfactant centred to the cluster of the POM-SH bolaamphiphile 

(cyan = positive spin densities; white = negative spin densities). 

(d) LUMO and LUMO+1 of the mentioned surfactant centred to the chains of the POM-SH 

bolaamphiphile (cyan = positive spin densities; white = negative spin densities). 

(e) Table, showing the calculated properties of the surfactant (HOMO, LUMO, HOMO-LUMO-

gap and the Chain-Cluster distance. 

 

Table – DFT_Si-C7-SH:  

The table mention the energy and localization of all orbitals calculated for a electron transfer to the 

cluster during the AuNP-SURF catalysis. 

 

orbital localization occupation Δ energy [eV] energy [eV] 

338 – LUMO+4 cluster 0 4.28 5.80 

337 – LUMO+3 chain 0 4.02 5.54 

336 – LUMO+2 chain 0 4.00 5.52 

335 – LUMO+1 chain 0 3.13 4.65 

334 – LUMO  chain 0 3.12 4.64 

333 – HOMO cluster 2 0 1.52 

 

  



DFT calculations of bolaamphiphiles  CXX 

DFT calculation for SiW11O39-Si2O-(CxHx+2SH)2 bolaamphiphiles (x = 8) 

 

 

 

(a) molecular formula of the synthesized surfactant: boron = green, carbon = grey, germanium 

= orange, hydrogen = white, oxygen = red, phosphorus = violet, silicon = blue, sulphur = 

yellow, tungsten = cyan. 

(b) Electrostatic potential of the surfactant (green = hydrophobic, red = hydrophilic).  

(c) HOMO of the mentioned surfactant centred to the cluster of the POM-SH bolaamphiphile 

(cyan = positive spin densities; white = negative spin densities). 

(d) LUMO and LUMO+1 of the mentioned surfactant centred to the chains of the POM-SH 

bolaamphiphile (cyan = positive spin densities; white = negative spin densities). 

(e) Table, showing the calculated properties of the surfactant (HOMO, LUMO, HOMO-LUMO-

gap and the Chain-Cluster distance. 
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DFT calculation for SiW11O39-Si2O-(CxHx+2SH)2 bolaamphiphiles (x = 10) 

 

 

  



DFT calculations of bolaamphiphiles  CXXII 

(f) molecular formula of the synthesized surfactant: boron = green, carbon = grey, germanium 

= orange, hydrogen = white, oxygen = red, phosphorus = violet, silicon = blue, sulphur = 

yellow, tungsten = cyan. 

(g) Electrostatic potential of the surfactant (green = hydrophobic, red = hydrophilic).  

(h) HOMO of the mentioned surfactant centred to the cluster of the POM-SH bolaamphiphile 

(cyan = positive spin densities; white = negative spin densities). 

(i) LUMO and LUMO+1 of the mentioned surfactant centred to the chains of the POM-SH 

bolaamphiphile (cyan = positive spin densities; white = negative spin densities). 

(j) Table, showing the calculated properties of the surfactant (HOMO, LUMO, HOMO-LUMO-

gap and the Chain-Cluster distance. 

 

Table – DFT_Si-C10-SH:  

The table mention the energy and localization of all orbitals calculated for a electron transfer to the 

cluster during the AuNP-SURF catalysis. 

orbital localization occupation Δ energy [eV] energy [eV] 

368 – LUMO+10 cluster 0 4.28 5.82 

367 – LUMO+9 chain 0 4.15 5.69 

366 – LUMO+8 chain 0 4.10 5.64 

365 – LUMO+7 chain 0 3.98 5.52 

364 – LUMO+6 chain 0 3.94 5.48 

363 – LUMO+5 chain 0 3.54 5.08 

362 – LUMO+4 chain 0 3.53 5.07 

361 – LUMO+3 chain 0 3.16 4.70 

360 – LUMO+2 chain 0 3.12 4.66 

359 – LUMO+1 chain 0 2.44 3.98 

358 – LUMO  chain 0 2.20 3.74 

357 – HOMO cluster 2 0 1.54 
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DFT calculation for BW11O39-Si2O-(CxHx+2SH)2 bolaamphiphiles (x = 4) 

 

 

(a) molecular formula of the synthesized surfactant: boron = green, carbon = grey, germanium 

= orange, hydrogen = white, oxygen = red, phosphorus = violet, silicon = blue, sulphur = 

yellow, tungsten = cyan. 

(b) HOMO of the mentioned surfactant centred to the cluster of the POM-SH bolaamphiphile 

(cyan = positive spin densities; white = negative spin densities). 

(c) LUMO and LUMO+1 of the mentioned surfactant centred to the chains of the POM-SH 

bolaamphiphile (cyan = positive spin densities; white = negative spin densities). 

(d) Table, showing the calculated properties of the surfactant (HOMO, LUMO, HOMO-LUMO-

gap and the Chain-Cluster distance. 

 

  



DFT calculations of bolaamphiphiles  CXXIV 

DFT calculation for BW11O39-Si2O-(CxHx+2SH)2 bolaamphiphiles (x = 5) 

 

 

 

(a) molecular formula of the synthesized surfactant: boron = green, carbon = grey, germanium 

= orange, hydrogen = white, oxygen = red, phosphorus = violet, silicon = blue, sulphur = 

yellow, tungsten = cyan. 

(b) HOMO of the mentioned surfactant centred to the cluster of the POM-SH bolaamphiphile 

(cyan = positive spin densities; white = negative spin densities). 

(c) LUMO and LUMO+1 of the mentioned surfactant centred to the chains of the POM-SH 

bolaamphiphile (cyan = positive spin densities; white = negative spin densities). 

(d) Table, showing the calculated properties of the surfactant (HOMO, LUMO, LUMO+1, 

HOMO-LUMO-gap and the Chain-Cluster distance. 
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Table – DFT_B-C5-SH:  

The table mention the energy and localization of all orbitals calculated for a electron transfer to the 

cluster during the AuNP-SURF catalysis. 

 

orbital localization occupation Δ energy [eV] energy [eV] 

319 – LUMO+5 cluster 0 2.76 8.47 

318 – LUMO+4 chain 0 2.73 8.44 

317 – LUMO+3 chain 0 2.07 7.78 

316 – LUMO+2 chain 0 1.98 7.69 

315 – LUMO+1 chain 0 1.25 6.96 

314 – LUMO  chain 0 1.16 6.87 

313 – HOMO cluster 2 0 5.71 

 

 

  



DFT calculations of bolaamphiphiles  CXXVI 

DFT calculation for BW11O39-Si2O-(CxHx+2SH)2 bolaamphiphiles (x = 6) 

 

 

(a) molecular formula of the synthesized surfactant: boron = green, carbon = grey, germanium 

= orange, hydrogen = white, oxygen = red, phosphorus = violet, silicon = blue, sulphur = 

yellow, tungsten = cyan. 

(b) HOMO of the mentioned surfactant centred to the cluster of the POM-SH bolaamphiphile 

(cyan = positive spin densities; white = negative spin densities). 

(c) LUMO and LUMO+1 of the mentioned surfactant centred to the chains of the POM-SH 

bolaamphiphile (cyan = positive spin densities; white = negative spin densities). 

(d) Table, showing the calculated properties of the surfactant (HOMO, LUMO, LUMO+1, 

HOMO-LUMO-gap and the Chain-Cluster distance. 
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DFT calculation for BW11O39-Si2O-(CxHx+2SH)2 bolaamphiphiles (x = 7) 

 

 

(a) molecular formula of the synthesized surfactant: boron = green, carbon = grey, germanium 

= orange, hydrogen = white, oxygen = red, phosphorus = violet, silicon = blue, sulphur = 

yellow, tungsten = cyan. 

(b) HOMO of the mentioned surfactant centred to the cluster of the POM-SH bolaamphiphile 

(cyan = positive spin densities; white = negative spin densities). 

(c) LUMO and LUMO+1 of the mentioned surfactant centred to the chains of the POM-SH 

bolaamphiphile (cyan = positive spin densities; white = negative spin densities). 

(d) Table, showing the calculated properties of the surfactant (HOMO, LUMO, LUMO+1, 

HOMO-LUMO-gap and the Chain-Cluster distance. 

  



DFT calculations of bolaamphiphiles  CXXVIII 

DFT calculation for BW11O39-Si2O-(CxHx+2SH)2 bolaamphiphiles (x = 8) 

 

 

(a) molecular formula of the synthesized surfactant: boron = green, carbon = grey, germanium 

= orange, hydrogen = white, oxygen = red, phosphorus = violet, silicon = blue, sulphur = 

yellow, tungsten = cyan. 

(b) HOMO of the mentioned surfactant centred to the cluster of the POM-SH bolaamphiphile 

(cyan = positive spin densities; white = negative spin densities). 

(c) LUMO and LUMO+1 of the mentioned surfactant centred to the chains of the POM-SH 

bolaamphiphile (cyan = positive spin densities; white = negative spin densities). 

(d) Table, showing the calculated properties of the surfactant (HOMO, LUMO, LUMO+1, 

HOMO-LUMO-gap and the Chain-Cluster distance. 
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Table – DFT_B-C8-SH:  

The table mention the energy and localization of all orbitals calculated for a electron transfer to the 

cluster during the AuNP-SURF catalysis. 

 

orbital localization occupation Δ energy [eV] energy [eV] 

350 – LUMO+12 cluster 0 3.32 8.52 

349 – LUMO+11 chain 0 3.00 8.20 

348 – LUMO+10 chain 0 3.00 8.20 

347 – LUMO+9 chain 0 2.32 7.52 

346 – LUMO+8 chain 0 2.32 7.52 

345 – LUMO+7 chain 0 2.17 7.37 

344 – LUMO+6 chain 0 2.16 7.36 

343 – LUMO+5 chain 0 1.80 6.90 

342 – LUMO+4 chain 0 1.79 6.89 

341 – LUMO+3 chain 0 1.02 6.22 

340 – LUMO+2 chain 0 1.01 6.21 

339 – LUMO+1 chain 0 0.13 5.33 

338 – LUMO  chain 0 0.12 5.32 

337 – HOMO cluster 2 0 5.20 

 

 

 

  



DFT calculations of bolaamphiphiles  CXXX 

DFT calculation for GeW11O39-Si2O-(CxHx+2SH)2 bolaamphiphiles (x = 4) 

 

 

(a) molecular formula of the synthesized surfactant: boron = green, carbon = grey, germanium 

= orange, hydrogen = white, oxygen = red, phosphorus = violet, silicon = blue, sulphur = 

yellow, tungsten = cyan. 

(b) HOMO of the mentioned surfactant centred to the cluster of the POM-SH bolaamphiphile 

(cyan = positive spin densities; white = negative spin densities). 

(c) LUMO of the mentioned surfactant centred to the cluster of the POM-SH bolaamphiphile 

(cyan = positive spin densities; white = negative spin densities). 

(d) Table, showing the calculated properties of the surfactant (HOMO, LUMO, HOMO-LUMO-

gap and the Chain-Cluster distance. 
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DFT calculation for GeW11O39-Si2O-(CxHx+2SH)2 bolaamphiphiles (x = 5) 

 

 

(a) molecular formula of the synthesized surfactant: boron = green, carbon = grey, germanium 

= orange, hydrogen = white, oxygen = red, phosphorus = violet, silicon = blue, sulphur = 

yellow, tungsten = cyan. 

(b) HOMO of the mentioned surfactant centred to the cluster of the POM-SH bolaamphiphile 

(cyan = positive spin densities; white = negative spin densities). 

(c) LUMO and LUMO+1 of the mentioned surfactant centred to the chains of the POM-SH 

bolaamphiphile (cyan = positive spin densities; white = negative spin densities). 

(d) Table, showing the calculated properties of the surfactant (HOMO, LUMO, LUMO+1, 

HOMO-LUMO-gap and the Chain-Cluster distance. 

  



DFT calculations of bolaamphiphiles  CXXXII 

DFT calculation for GeW11O39-Si2O-(CxHx+2SH)2 bolaamphiphiles (x = 6) 

 

 

(a) molecular formula of the synthesized surfactant: boron = green, carbon = grey, germanium 

= orange, hydrogen = white, oxygen = red, phosphorus = violet, silicon = blue, sulphur = 

yellow, tungsten = cyan. 

(b) HOMO of the mentioned surfactant centred to the cluster of the POM-SH bolaamphiphile 

(cyan = positive spin densities; white = negative spin densities). 

(c) LUMO and LUMO+1 of the mentioned surfactant centred to the chains of the POM-SH 

bolaamphiphile (cyan = positive spin densities; white = negative spin densities). 

(d) Table, showing the calculated properties of the surfactant (HOMO, LUMO, LUMO+1, 

HOMO-LUMO-gap and the Chain-Cluster distance. 
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DFT calculation for GeW11O39-Si2O-(CxHx+2SH)2 bolaamphiphiles (x = 7) 

 

 

(a) molecular formula of the synthesized surfactant: boron = green, carbon = grey, germanium 

= orange, hydrogen = white, oxygen = red, phosphorus = violet, silicon = blue, sulphur = 

yellow, tungsten = cyan. 

(b) HOMO of the mentioned surfactant centred to the cluster of the POM-SH bolaamphiphile 

(cyan = positive spin densities; white = negative spin densities). 

(c) LUMO and LUMO+1 of the mentioned surfactant centred to the chains of the POM-SH 

bolaamphiphile (cyan = positive spin densities; white = negative spin densities). 

(d) Table, showing the calculated properties of the surfactant (HOMO, LUMO, LUMO+1, 

HOMO-LUMO-gap and the Chain-Cluster distance. 

  



DFT calculations of bolaamphiphiles  CXXXIV 

DFT calculation for GeW11O39-Si2O-(CxHx+2SH)2 bolaamphiphiles (x = 8) 

 

 

(a) molecular formula of the synthesized surfactant: boron = green, carbon = grey, germanium 

= orange, hydrogen = white, oxygen = red, phosphorus = violet, silicon = blue, sulphur = 

yellow, tungsten = cyan. 

(b) HOMO of the mentioned surfactant centred to the cluster of the POM-SH bolaamphiphile 

(cyan = positive spin densities; white = negative spin densities). 

(c) LUMO and LUMO+1 of the mentioned surfactant centred to the chains of the POM-SH 

bolaamphiphile (cyan = positive spin densities; white = negative spin densities). 

(d) Table, showing the calculated properties of the surfactant (HOMO, LUMO, LUMO+1, 

HOMO-LUMO-gap and the Chain-Cluster distance. 
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DFT calculation for GeW11O39-Si2O-(CxHx+2SH)2 bolaamphiphiles (x = 10) 

 

 

(a) molecular formula of the synthesized surfactant: boron = green, carbon = grey, germanium 

= orange, hydrogen = white, oxygen = red, phosphorus = violet, silicon = blue, sulphur = 

yellow, tungsten = cyan. 

(b) HOMO of the mentioned surfactant centred to the cluster of the POM-SH bolaamphiphile 

(cyan = positive spin densities; white = negative spin densities). 

(c) LUMO and LUMO+1 of the mentioned surfactant centred to the chains of the POM-SH 

bolaamphiphile (cyan = positive spin densities; white = negative spin densities). 

(d) Table, showing the calculated properties of the surfactant (HOMO, LUMO, LUMO+1, 

HOMO-LUMO-gap and the Chain-Cluster distance. 

 

  



DFT calculations of bolaamphiphiles  CXXXVI 

DFT calculation for SiW11O39-Si2O-(C8H7SH)2 – aromatic thiol surfactant 

 

 

 

(a) molecular formula of the synthesized surfactant: boron = green, carbon = grey, germanium 

= orange, hydrogen = white, oxygen = red, phosphorus = violet, silicon = blue, sulphur = 

yellow, tungsten = cyan. 

(b) molecular formula of the synthesized surfactant (2nd perspective). 
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(c) HOMO of the mentioned surfactant centred to the cluster of the POM-SH bolaamphiphile 

(cyan = positive spin densities; white = negative spin densities). 

(d) LUMO of the mentioned surfactant centred to the chains of the POM-SH bolaamphiphile 

(cyan = positive spin densities; white = negative spin densities). 

(e) Table, showing the calculated properties of the surfactant (HOMO, LUMO, HOMO-LUMO-

gap and the Chain-Cluster distance. 

 

Table – DFT_Si-Arom-SH:  

The table mention the energy and localization of all orbitals calculated for a electron transfer to the 

cluster during the AuNP-SURF catalysis. 

 

orbital localization occupation Δ energy [eV] energy [eV] 

336 – LUMO+4 cluster 0 4.36 5.58 

335 – LUMO+3 chain 0 4.09 5.31 

334 – LUMO+2 chain 0 4.08 5.30 

333 – LUMO+1 chain 0 3.42 4.65 

332 – LUMO  chain 0 3.42 4.64 

331 – HOMO cluster 2 0 1.22 

  



DFT calculations of bolaamphiphiles  CXXXVIII 

DFT calculation for BW11O39-Si2O-(C8H7SH)2 – aromatic thiol surfactant 

 

 

 

(a) molecular formula of the synthesized surfactant: boron = green, carbon = grey, germanium 

= orange, hydrogen = white, oxygen = red, phosphorus = violet, silicon = blue, sulphur = 

yellow, tungsten = cyan. 

(b) molecular formula of the synthesized surfactant (2nd perspective). 

(c) HOMO of the mentioned surfactant centred to the cluster of the POM-SH bolaamphiphile 

(cyan = positive spin densities; white = negative spin densities). 

(d) LUMO of the mentioned surfactant centred to the chains of the POM-SH bolaamphiphile 

(cyan = positive spin densities; white = negative spin densities). 

(e) Table, showing the calculated properties of the surfactant (HOMO, LUMO, HOMO-LUMO-

gap and the Chain-Cluster distance.  
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DFT calculation for GeW11O39-Si2O-(C8H7SH)2 – aromatic thiol surfactant 

 

 

 

(a) molecular formula of the synthesized surfactant: boron = green, carbon = grey, germanium 

= orange, hydrogen = white, oxygen = red, phosphorus = violet, silicon = blue, sulphur = 

yellow, tungsten = cyan. 

(b) molecular formula of the synthesized surfactant (2nd perspective). 

(c) HOMO of the mentioned surfactant centred to the cluster of the POM-SH bolaamphiphile 

(cyan = positive spin densities; white = negative spin densities). 

(d) LUMO of the mentioned surfactant centred to the chains of the POM-SH bolaamphiphile 

(cyan = positive spin densities; white = negative spin densities). 

(e) Table, showing the calculated properties of the surfactant (HOMO, LUMO, HOMO-LUMO-

gap and the Chain-Cluster distance. 



DFT calculations of bolaamphiphiles  CXL 

Overview about all DFT calculations 
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(a) distance of POM cluster and SH group. 

Chain length / distance [Å] SiW11-C4-10-SH BW11-C4-10-SH GeW11-C4-10-SH 
4 7.05 7.05 7.05 
5 8.25 8.25 8.25 
6 9.58 9.59 9.58 
7 10.82 10.81 10.81 
8 12.16 12.13 12.13 
10 14.68 --- 14.68 
EW11O39-Si2O-(C8H7SH)2 8.85 8.85 8.85 

 

(b) HOMO-LUMO gap of EW11-Surfactants 

Chain length / HOMO-LUMO gap [eV] SiW11-C4-10-SH BW11-C4-10-SH GeW11-C4-10-SH 

4 4.28 1.77 4.29 

5 4.05 1.17 4.06 

6 3.48 1.03 3.50 

7 3.11 0.59 3.13 

8 3.22 0.11 2.76 

10 2.20 --- 2.22 

EW11O39-Si2O-(C8H7SH)2 3.41 1.65 3.42 

 

(c) orbital energies of SiW11-Surfactants 

POM-SH bolaamphiphile / orbital 
energy [eV] 

Si-C5-
SH 

Si-C6-
SH 

Si-C7-
SH 

Si-C8-
SH 

Si-C10-
SH 

HOMO 1.47 1.51 1.52 1.51 1.54 

LUMO 5.52 4.99 4.64 4.73 3.74 

LUMO+1 5.56 5.01 4.65 4.74 3.98 

LUMO+2 5.83 5.79 5.52 5.44 4.66 

LUMO+3   5.54 5.71 4.70 

LUMO+4   5.80 5.75 5.07 

LUMO+5    7.75 5.08 

LUMO+6    5.77 5.48 

LUMO+7     5.52 

LUMO+8     5.64 

LUMO+9     5.69 

LUMO+10     5.82 

 

  



DFT calculations of bolaamphiphiles  CXLII 

(d) orbital energies of GeW11-Surfactants 

POM-SH bolaamphiphile / orbital 
energy [eV] 

Ge-C5-
SH 

Ge-C6-
SH 

Ge-C7-
SH 

Ge-C8-
SH 

Ge-C10-
SH 

HOMO 1.47 1.49 1.51 1.51 1.53 

LUMO 5.52 4.99 4.64 4.27 3.75 

LUMO+1 5.56 5.00 4.65 4.28 3.98 

LUMO+2 5.78 5.79 5.52 5.17 4.66 

LUMO+3   5.54 5.19 4.71 

LUMO+4   5.80 5.72 5.07 

LUMO+5    5.74 5.08 

LUMO+6    5.80 5.48 

LUMO+7     5.52 

LUMO+8     5.64 

LUMO+9     5.69 

LUMO+10     5.81 

 

(e) orbital energies of BW11-Surfactants 

POM-SH bolaamphiphile / orbital energy 
[eV] 

B-C5-
SH 

B-C6-
SH 

B-C7-
SH 

B-C8-
SH 

B-C10-SH 

HOMO 5.71 5.19 5.20 5.20 --- 
LUMO 6.87 6.23 5.80 5.32 --- 
LUMO+1 6.96 7.09 5.81 5.33 --- 
LUMO+2 7.69 7.10 6.66 6.21 --- 
LUMO+3 7.78 7.92 6.67 6.22 --- 
LUMO+4 8.44 7.96 7.30 6.89 --- 
LUMO+5 8.47 8.45 7.32 6.90 --- 
LUMO+6  8.47 7.93 7.36 --- 
LUMO+7  8.50 7.94 7.37 --- 
LUMO+8   7.97 7.52 --- 
LUMO+9   7.99 7.52 --- 
LUMO+10   8.52 8.20 --- 
LUMO+11    8.20 --- 
LUMO+12    8.52 --- 

 

 



CXLIII                                                 6. Appendix 

- CXLIII - 

Further physical properties of POM-SH bolaamphiphiles 

UVVIS spectra of EW11-CxH2xSH (E = Si, Ge, B; x = 5-10) bolaamphiphiles 

 

 

 

(a) UVVIS spectrum of Si-C7-SH measured in aqueous solution (maximum = 261 nm). 

(b) UVVIS spectrum of Si-C10-SH measured in aqueous solution (maximum = 262 nm). 

(c) UVVIS spectrum of Ge-C7-SH measured in aqueous solution (maximum = 262 nm). 

(d) UVVIS spectrum of B-C7-SH measured in aqueous solution (maximum = 254 nm). 

 

 

  



Further physical properties of POM-SH bolaamphiphiles CXLIV 
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UVVIS spectrum of AuNP direct after synthesising them (solid line, maximum = 532 nm) and after 

functionalizing them with Si-C10-SH (broken line, maximum = 528 nm). 
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pH value of a 1 mM aqueous solution of Si-C10-SH in 0.1M HCl. The solution was stirred (500 rpm) 

and titrated by a NaOH solution (c = 260 mM, 0.01 mL/min). Two pKa-values are noticeable (pH = 

5.1 & 2.4). 
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PLASMONICS – Gold meets POM-SH bolaamphiphiles 

 

Characterization of Gold Nanoparticles (UV) synthesized by using  

EW11-CxH2xSH (E = Si, Ge, B; x = 5-8) surfactants and UV-VIS irradiation 

 

Characterization of gold nanoparticles synthesized by using bolaform polyoxometalate surfactants 

as a photo-reductant, stabilator and a morphology generating reagent. The plasmonic gold 

nanoparticles are observed by:  

(a) TEM 

(b) TEM 

(c) TEM 

(d) UVVIS spectroscopy 

(e) DLS: an exemplarily measurement is shown and an average of 3 measurements was 

calculated. 

  



Characterization of Gold Nanoparticles (UV)  CXLVI 

Characterization of gold nanoparticles synthesized by using EW11-CxH2xSH  

(E = B; x = 5) as a surfactant 

 

 

 

BW11O39-Si2O-(C5H10SH)2: DLS maximum = 90.3 ± 3.5 nm; UVVIS maximum = 546 nm; TEM = 

no favourite shape.  



CXLVII                                                 6. Appendix 

- CXLVII - 

Characterization of gold nanoparticles synthesized by using EW11-CxH2xSH  

(E = B; x = 6) as a surfactant 

 

 

 

BW11O39-Si2O-(C6H12SH)2: DLS maximum = 63.5 ± 2.4 nm; UVVIS maximum = 556 nm; TEM = 

triangle shaped platelets as a favourite morphology. 

  



Characterization of Gold Nanoparticles (UV)  CXLVIII 

Characterization of gold nanoparticles synthesized by using EW11-CxH2xSH  

(E = B; x = 7) as a surfactant 

 

 

 

BW11O39-Si2O-(C7H14SH)2: DLS maximum = 128 ± 14.7 nm; UVVIS maximum = 538 nm; TEM = 

cubes as a favourite shape. 
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Characterization of gold nanoparticles synthesized by using EW11-CxH2xSH  

(E = B; x = 8) as a surfactant 

 

 

 

BW11O39-Si2O-(C8H16SH)2: DLS maximum = 71.3 ± 2.6 nm; UVVIS maximum = 551 nm; TEM = 

triangle shaped platelets as a favourite morphology.   



Characterization of Gold Nanoparticles (UV)  CL 

Characterization of gold nanoparticles synthesized by using EW11-CxH2xSH  

(E = Si; x = 5) as a surfactant 

 

 

 

SiW11O39-Si2O-(C5H10SH)2: DLS maximum = 81.7 ± 2.2 nm; UVVIS maximum = 557 nm; TEM = 

triangle and hexagonal shaped platelets. 
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Characterization of gold nanoparticles synthesized by using EW11-CxH2xSH  

(E = Si; x = 6) as a surfactant 

 

 

SiW11O39-Si2O-(C6H12SH)2: DLS maximum = 81.8 ± 2.8 nm; UVVIS maximum = 559 nm; TEM = 

hexagonal shaped particles. 



Characterization of Gold Nanoparticles (UV)  CLII 

Characterization of gold nanoparticles synthesized by using EW11-CxH2xSH  

(E = Si; x = 7) as a surfactant 

 

 

SiW11O39-Si2O-(C7H14SH)2: DLS maximum = 64.3 ± 0.6 nm; UVVIS maximum = 548 nm; TEM = 

no favourite shape but numerous morphologies (triangles, hexagons, pentagons, rods, …). 
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Characterization of gold nanoparticles synthesized by using EW11-CxH2xSH  

(E = Si; x = 8) as a surfactant 

 

 

SiW11O39-Si2O-(C8H16SH)2: DLS maximum = 70.9 ± 5.8 nm; UVVIS maximum = 542 nm; TEM = 

mainly hexagonal shaped nanoparticles. 



Characterization of Gold Nanoparticles (UV)  CLIV 

Characterization of gold nanoparticles synthesized by using EW11-CxH2xSH  

(E = Ge; x = 5) as a surfactant 

 

 

GeW11O39-Si2O-(C5H10SH)2: DLS maximum = 59.1 ± 0.9 nm; UVVIS maximum = 547 nm; TEM = 

triangle shaped platelets. 
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Characterization of gold nanoparticles synthesized by using EW11-CxH2xSH  

(E = Ge; x = 6) as a surfactant 

 

 

 

GeW11O39-Si2O-(C6H12SH)2: DLS maximum = 67.6 ± 4.3 nm; UVVIS maximum = 553 nm; TEM = 

hexagonal shaped platelets.   



Characterization of Gold Nanoparticles (UV)  CLVI 

Characterization of gold nanoparticles synthesized by using EW11-CxH2xSH  

(E = Ge; x = 7) as a surfactant 

 

 

GeW11O39-Si2O-(C7H14SH)2: DLS maximum = 64.7 ± 4.2 nm; UVVIS maximum = 545 nm; TEM = 

triangle shaped platelets.  
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Characterization of gold nanoparticles synthesized by using EW11-CxH2xSH  

(E = Ge; x = 8) as a surfactant 

 

 

 

GeW11O39-Si2O-(C8H16SH)2: DLS maximum = 57.4 ± 4.3 nm; UVVIS maximum = 543 nm; TEM = 

no favourite shape.



Plasmonic enhanced catalysis - Overview  CLVIII 

Plasmonic enhanced catalysis - Overview 

 

Calculation of turnover numbers (TON). 

density (Au) = 19.3 g/cm3 

molar mass (Au) = 196.97 g/mol 

molar amount (Au) = 0.04 mmol  

radius nanoparticle = 25 nm (measured by DLS & TEM) 

radius polyoxometalate ~ 0.5 nm (literature) 

volume sphere = 4/3 π r3 

area 
sphere = 4 π r2 

area polyoxometalate = π r2 

 

Surface of one gold nanoparticle: 

area NP = 4 π (25*10-9 m)2 = 7.9 * 10-15 m2 

Area of one polyoxometalate head group[213]: 

APOM = 1 * 10-18 m2 

Number of surfactant molecules per nanoparticle: 

ANP / APOM ~ 8000 molecules per NP 

 

By estimating a complete conversion of the chloroauric acid, the total number of nanoparticles 

can be calculated: 

mass Au = 0.12 mmol * 196.97 = 23.64 mg 

volume Au = 7.88 mg / 19.3 g/cm3 = 12.25 * 10-10 m3 

volume NP = 4/3 π r3 = 4/3 π (25*10-9 m)3 = 6.5 10-23 m3 

=>    number NP = V Au / VNP = 1.98 * 1013 NP 

By estimating 8000 surfactant molecules per nanoparticle, the total number of surfactant 

molecules (= catalytic active species) can be calculated: 

N surfactant = NNP * 8000 = 1.58 * 1017 surfactant molecules per synthesis 

Which can also be formulated as an amount of substance: 

n surfactant = N surfactant / NA = 8.2 * 10-8 mol = 0.26 µmol 

Finally, the TON can be calculated: 

TON = n product / n surfactant 

For calculating the final improvement in catalysis, ΔTON is calculated: 

 

∆9:; �  
9:;(<=)>9:;(?�@A)

9:;(?�@A)
*100  Equation 8 
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Measured catalytic conversions and turnover numbers (TON) for all reported systems.  

 

Table-Plasmonic1 – Catalytic conversion of AuNP-SURF-Six hybrids after irradiating them for 6 

days (isothermic) by using white (100 W) light. 

Chain length 

– cation 

Light - power Conversion 

[%] 

molar amount 

(product) 

Calculated 

TON 

delta TON 

[%] 

5-Na White – 100 W 7 35 145.8 --- 

6-Na White – 100 W 5 25 104.2 --- 

7-Na White – 100 W 4 20 83.3 --- 

8-Na White – 100 W 5 25 104.2 --- 

10-Na White – 100 W 5 25 104.2 --- 

5-H No light – 0 W 32 160 667 --- 

6-H No light – 0 W 33 167 694 --- 

7-H No light – 0 W 37 183 763 --- 

8-H No light – 0 W 36 180 750 --- 

10-H No light – 0 W 23 115 479 --- 

5-H White – 100 W 82 410 1708.3 156 

6-H White – 100 W 73 365 1520.8 119 

7-H White – 100 W 74 370 1541.7 102 

8-H White – 100 W 70 350 1458.3 94 

10-H White – 100 W 36 180 750.0 57 

 

Table-Plasmonic1.1 – Catalytic conversion of bare surfactant Si-C10-SH (n = 900 nmol) after 

irradiating them for 1 day (isothermic) by using white (100 W) light. 

 

Si-C10-SH No light – W 37 185 205.6 --- 

Si-C10-SH White – 100 W 36 180 200.0 -2.5 

  



Plasmonic enhanced catalysis - Overview  CLX 

Table-Plasmonic2 – Catalytic conversion of AuNP-SURF-Six hybrids after irradiating them for 6 

days (isothermic) by using red (630 nm), green (530 nm) or blue (470 nm) light (50 W). 

 

Chain length 

– cation 

Light - power Conversion 

[%] 

molar amount 

(product) 

Calculated 

TON 

delta TON 

[%] 

5-H No light – RGB  24 120 500 --- 

6-H No light – RGB 22 110 458 --- 

7-H No light – RGB 24 120 500 --- 

8-H No light – RGB 24 118 493 --- 

10-H No light – RGB 22 108 451 --- 

5-H Red – 50 W 28 142 589.0 18 

6-H Red – 50 W 25 125 521.0 14 

7-H Red – 50 W 29 143 575.0 15 

8-H Red – 50 W 28 138 563.0 14 

10-H Red – 50 W 26 130 542.0 20 

5-H Blue – 50 W 34 170 708.3 42 

6-H Blue – 50 W 38 190 791.7 73 

7-H Blue – 50 W 39 195 812.5 63 

8-H Blue – 50 W 39 195 812.5 65 

10-H Blue – 50 W 35 175 729.2 62 

5-H Green – 50 W 67 335 1395.8 179 

6-H Green – 50 W 62 310 1291.7 182 

7-H Green – 50 W 53 265 1104.2 121 

8-H Green – 50 W 44 220 916.7 86 

10-H Green – 50 W 40 200 833.3 85 

 

 

 

 



CLXI                                                 6. Appendix 

- CLXI - 

Table-Plasmonic3 – Catalytic conversion of AuNP hybrids after irradiating them for 6 days 

(isothermic) by using white (100 W) light. Further variations and reference experiments. 

 

catalyst Light - power Conversion 

[%] 

molar amount 

(product) 

Calculated 

TON 

delta TON 

[%] 

PEG-SH + 
H8SiW11O39 

No light – 0 W 2 10 42 --- 

PEG-SH + 
H8SiW11O39 

White – 100 W 11 53 222 429 

PEG-SH + 
HCl 

No light – 0 W 53 267 1111 --- 

PEG-SH + 
HCl 

White – 100 W 90 450 1875 69 

Fe2O3 No light – 0 W 37 185 765 --- 

Fe2O3 White – 100 W 56 280 1167 53 

AuNS-Si5 No light – 0 W 18 90 375 --- 

AuNS-Si5 White – 100 W 67 335 1389 275 

AgNP-Si5 No light – 0 W 25 125 515 --- 

AgNP-Si5 White – 100 W 53 265 1111 117 

PtNP-Si5 No light – 0 W 23 115 485 --- 

PtNP-Si5 White – 100 W 43 215 900 86 

 

 

  



Plasmonic enhanced catalysis - Overview  CLXII 

Table-Plasmonic4 – Catalytic conversion of AuNP-SURF-Si5 hybrids after irradiating them for 6 

days (isothermic) by using white (100 W) light and different temperatures. 

 

Chain length 

– cation 
Temperature 

[°C] 

conversion molar amount 

(product) 

Calculated 

TON 

5-H 5 5 25 104 

5-H 20 16 80 333 

5-H 35 19 95 395 

5-H 45 24 120 500 

5-H 55 34 170 708 
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Table-Plasmonic5 – Catalytic conversion of AuNP-SURF-Six hybrids after irradiating them for 6 

days (isothermic) by using blue (470 nm) or red (630 nm) light by varying the power. 

 

Chain length 

– cation 

Light - power Conversion 

[%] 

molar amount 

(product) 

Calculated 

TON 

delta TON 

[%] 

5-H No light – 0 W 25 125 525 --- 

5-H Blue – 50 W 33 165 695 32 

5-H Blue – 100 W 67 335 1355 158 

10-H No light – 0 W 21 105 435 --- 

10-H Blue – 50 W 37 185 775 78 

10-H Blue – 100 W 73 365 1490 243 

5-H No light – 0 W 24 120 500 --- 

5-H Red – 50 W 28 142 589 18 

5-H Red – 100 W 60 300 1220 144 

10-H No light – 0 W 22 108 451 --- 

10-H Red – 50 W 26 130 542 20 

10-H Red – 100 W 60 300 1220 171 

 

  



Plasmonic enhanced catalysis - Overview  CLXIV 

Table-Plasmonic6 – Catalytic conversion of AuNP-Arom.-Ex hybrids after irradiating them for 2 

days (isothermic) by using white (100 W) light. Moreover, the catalytic performance of AuNP-SURF-

Si5/6 is shown after 2 days as a reference. 

 

catalyst – 

cation 

Light - power Conversion 

[%] 

molar amount 

(product) 

Calculated 

TON 

delta TON 

[%] 

Si-AROM-H No light – 0 W 11 55 225 --- 

Si- AROM-H White – 100 W 48 240 1000 350 

Ge-AROM-H No light – 0 W 8 40 167 --- 

Ge-AROM-H White – 100 W 35 175 722 333 

B-AROM-H No light – 0 W 19 95 390 --- 

B-AROM-H White – 100 W 51 255 1069 175 

Si5-H No light – 0 W 22 110 458 --- 

Si5-H White – 100 W 46 230 958 109 

Si6-H No light – 0 W 17 85 361 --- 

Si6-H White – 100 W 46 230 958 165 

AuNS-Si5-H No light – 0 W 10 50 207 --- 

AuNS-Si5-H White – 100 W 56 280 1169 465 
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Table-Plasmonic7 – Catalytic conversion of AuNP-SURF-Ex hybrids (E = Ge, B) after irradiating 

them for 6 days (isothermic) by using white (100 W) light. 

 

HeteroatomChain 

length – cation 

Light - power Conversion 

[%] 

molar amount 

(product) 

Calculated 

TON 

delta TON 

[%] 

B5-H No light – 0 W 30 150 625 --- 

B6-H No light – 0 W 25 125 520 --- 

B7-H No light – 0 W 32 160 666 --- 

B8-H No light – 0 W 26 130 530 --- 

B10-H No light – 0 W 25 125 520 --- 

B5-H White – 100 W 73 365 1528 145 

B6-H White – 100 W 70 350 1458 180 

B7-H White – 100 W 92 460 1917 188 

B8-H White – 100 W 74 370 1542 191 

B10-H White – 100 W 79 395 1636 215 

Ge5-H No light – 0 W 20 100 417 --- 

Ge6-H No light – 0 W 27 135 555 --- 

Ge7-H No light – 0 W 23 115 480 --- 

Ge8-H No light – 0 W 21 105 431 --- 

Ge10-H No light – 0 W 30 150 625 --- 

Ge5-H White – 100 W 75 375 1563 275 

Ge6-H White – 100 W 89 445 1847 233 

Ge7-H White – 100 W 76 380 1583 230 

Ge8-H White – 100 W 68 340 1417 229 

Ge10-H White – 100 W 65 325 1354 117 

 

 

 

 

 

 



Plasmonic enhanced catalysis by AuNP-SURF-Si5-10 hybrids CLXVI 

Plasmonic Catalysis by AuNP-SURF-Si5-10 hybrids –  

All NMR Data for Nano-Catalysis Process discussed in Chapter 3.2.2 

Catalytic Conversion of H+-AuNP-SURF-Si5-10 hybrids by white light (100 W) 

irradiation 
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Conversion of 3-phenylpropionic acid to methyl 3-phenylpropanoate by using AuNP-SURF-Si5-10 

hybrids as a catalyst in methanol (counter ion = H+, isothermal conditions). Conversions were 

measured by NMR (first and second column) once a day for 6 days and further used for calculating 

TONs (third column): 

(a) Surfactant = Si-C5-SH, irradiation = no light. 

(b) Surfactant = Si-C5-SH, irradiation = 100 W – white light. 

(c) Surfactant = Si-C5-SH, conversions and TONs for 6 days. 

(d) Surfactant = Si-C6-SH, irradiation = no light. 

(e) Surfactant = Si-C6-SH, irradiation = 100 W – white light. 

(f) Surfactant = Si-C6-SH, conversions and TONs for 6 days. 

(g) Surfactant = Si-C7-SH, irradiation = no light. 

(h) Surfactant = Si-C7-SH, irradiation = 100 W – white light. 

(j) Surfactant = Si-C7-SH, conversions and TONs for 6 days. 

(k) Surfactant = Si-C8-SH, irradiation = no light. 

(l) Surfactant = Si-C8-SH, irradiation = 100 W – white light. 

(m) Surfactant = Si-C8-SH, conversions and TONs for 6 days. 

(n) Surfactant = Si-C10-SH, irradiation = no light. 

(o) Surfactant = Si-C10-SH, irradiation = 100 W – white light. 

(p) Surfactant = Si-C10-SH, conversions and TONs for 6 days. 

 

 

 

  



Plasmonic enhanced catalysis by AuNP-SURF-Si5-10 hybrids CLXVIII 

Catalytic Conversion of Na+-AuNP-SURF-Si5-10 hybrids by white light (100 W) 

irradiation 
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Conversion of 3-phenylpropionic acid to methyl 3-phenylpropanoate by using AuNP-SURF-Si5-10 

hybrids as a catalyst in methanol (counter ion = Na+, isothermal conditions). Conversions were 

measured by NMR (first column) once a day for 6 days and further used for calculating TONs (third 

column): 

(a) Surfactant = Si-C5-SH, irradiation = 100 W – white light. 

(b) Surfactant = Si-C5-SH, conversions and TONs for 6 days. 

(c) Surfactant = Si-C6-SH, irradiation = 100 W – white light. 

(d) Surfactant = Si-C6-SH, conversions and TONs for 6 days. 

(e) Surfactant = Si-C7-SH, irradiation = 100 W – white light. 

(f) Surfactant = Si-C7-SH, conversions and TONs for 6 days. 

(g) Surfactant = Si-C8-SH, irradiation = 100 W – white light. 

(h) Surfactant = Si-C8-SH, conversions and TONs for 6 days. 

(j) Surfactant = Si-C10-SH, irradiation = 100 W – white light. 

(k) Surfactant = Si-C10-SH, conversions and TONs for 6 days. 
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Catalytic Conversion of H+-AuNP-SURF-Si5-10 hybrids by red light (50 W) irradiation 
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Conversion of 3-phenylpropionic acid to methyl 3-phenylpropanoate by using AuNP-SURF-Si5-10 

hybrids as a catalyst in methanol (counter ion = H+, isothermal conditions). Conversions were 

measured by NMR (first and second column) once a day for 6 days and further used for calculating 

TONs (third column): 

(a) Surfactant = Si-C5-SH, irradiation = no light. 

(b) Surfactant = Si-C5-SH, irradiation = 50 W – red light. 

(c) Surfactant = Si-C5-SH, conversions and TONs for 6 days. 

(d) Surfactant = Si-C6-SH, irradiation = no light. 

(e) Surfactant = Si-C6-SH, irradiation = 50 W – red light. 

(f) Surfactant = Si-C6-SH, conversions and TONs for 6 days. 

(g) Surfactant = Si-C7-SH, irradiation = no light. 

(h) Surfactant = Si-C7-SH, irradiation = 50 W – red light. 

(j) Surfactant = Si-C7-SH, conversions and TONs for 6 days. 

(k) Surfactant = Si-C8-SH, irradiation = no light. 

(l) Surfactant = Si-C8-SH, irradiation 50 W – red light. 

(m) Surfactant = Si-C8-SH, conversions and TONs for 6 days. 

(n) Surfactant = Si-C10-SH, irradiation = no light. 

(o) Surfactant = Si-C10-SH, irradiation = 50 W – red light. 

(p) Surfactant = Si-C10-SH, conversions and TONs for 6 days. 

 

 

 

  



Plasmonic enhanced catalysis by AuNP-SURF-Si5-10 hybrids CLXXII 

Catalytic Conversion of H+-AuNP-SURF-Si5-10 hybrids by green light (50 W) 

irradiation 
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Conversion of 3-phenylpropionic acid to methyl 3-phenylpropanoate by using AuNP-SURF-Si5-10 

hybrids as a catalyst in methanol (counter ion = H+, isothermal conditions). Conversions were 

measured by NMR (first and second column) once a day for 6 days and further used for calculating 

TONs (third column): 

(a) Surfactant = Si-C5-SH, irradiation = no light. 

(b) Surfactant = Si-C5-SH, irradiation = 50 W – green light. 

(c) Surfactant = Si-C5-SH, conversions and TONs for 6 days. 

(d) Surfactant = Si-C6-SH, irradiation = no light. 

(e) Surfactant = Si-C6-SH, irradiation = 50 W – green light. 

(f) Surfactant = Si-C6-SH, conversions and TONs for 6 days. 

(g) Surfactant = Si-C7-SH, irradiation = no light. 

(h) Surfactant = Si-C7-SH, irradiation = 50 W – green light. 

(j) Surfactant = Si-C7-SH, conversions and TONs for 6 days. 

(k) Surfactant = Si-C8-SH, irradiation = no light. 

(l) Surfactant = Si-C8-SH, irradiation 50 W – green light. 

(m) Surfactant = Si-C8-SH, conversions and TONs for 6 days. 

(n) Surfactant = Si-C10-SH, irradiation = no light. 

(o) Surfactant = Si-C10-SH, irradiation = 50 W – green light. 

(p) Surfactant = Si-C10-SH, conversions and TONs for 6 days. 

 

  



Plasmonic enhanced catalysis by AuNP-SURF-Si5-10 hybrids CLXXIV 

Catalytic Conversion of H+-AuNP-SURF-Si5-10 hybrids by blue light (50 W) 

irradiation 
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Conversion of 3-phenylpropionic acid to methyl 3-phenylpropanoate by using AuNP-SURF-Si5-10 

hybrids as a catalyst in methanol (counter ion = H+, isothermal conditions). Conversions were 

measured by NMR (first and second column) once a day for 6 days and further used for calculating 

TONs (third column): 

(a) Surfactant = Si-C5-SH, irradiation = no light. 

(b) Surfactant = Si-C5-SH, irradiation = 50 W – blue light. 

(c) Surfactant = Si-C5-SH, conversions and TONs for 6 days. 

(d) Surfactant = Si-C6-SH, irradiation = no light. 

(e) Surfactant = Si-C6-SH, irradiation = 50 W – blue light. 

(f) Surfactant = Si-C6-SH, conversions and TONs for 6 days. 

(g) Surfactant = Si-C7-SH, irradiation = no light. 

(h) Surfactant = Si-C7-SH, irradiation = 50 W – blue light. 

(i) Surfactant = Si-C7-SH, conversions and TONs for 6 days. 

(j) Surfactant = Si-C8-SH, irradiation = no light. 

(k) Surfactant = Si-C8-SH, irradiation 50 W – blue light. 

(l) Surfactant = Si-C8-SH, conversions and TONs for 6 days. 

(m) Surfactant = Si-C10-SH, irradiation = no light. 

(n) Surfactant = Si-C10-SH, irradiation = 50 W – blue light. 

(o) Surfactant = Si-C10-SH, conversions and TONs for 6 days. 
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Plasmonic enhanced catalysis by AuNP-SURF-E5-10 (E = Si, Ge, B) –  

All NMR Data for Nano-Catalysis Process discussed in Chapter 2.2.3 

Further Catalytic Conversions of H+-AuNP-hybrids by white light (100 W) 

irradiation 
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Conversion of 3-phenylpropionic acid to methyl 3-phenylpropanoate by using different 

catalysts/hybrids in methanol (isothermal conditions). Conversions were measured by NMR (first in 

darkness and second column after irradiation) once a day for 6 days and further used for calculating 

TONs (third column): 

(a) Catalyst = AuNP stabilized by PEG-SH while Si39W11O40 (n = 1 µmol, m = 3 mg) acts as an 

acid, irradiation = no light. 

(b) Catalyst = AuNP stabilized by PEG-SH while Si39W11O40 (n = 1 µmol, m = 3 mg) acts as an 

acid, irradiation = 100 W – white light. 

(c) Catalyst = AuNP stabilized by PEG-SH while Si39W11O40 (n = 1 µmol, m = 3 mg) acts as an 

acid, conversions and TONs for 6 days. 

(d) Catalyst = AuNP stabilized by PEG-SH while HCl (1M, n = 1 µmol, V = 1 µL) acts as an 

acid, irradiation = no light. 

(e) Catalyst = AuNP stabilized by PEG-SH while HCl (1 M, n = 1 µmol, V = 1 µL) acts as an 

acid, irradiation = 100 W – white light. 

(f) Catalyst = AuNP stabilized by PEG-SH while HCl (1 M, n = 1 µmol, V = 1 µL) acts as an 

acid, conversions and TONs for 6 days. 

(g) Catalyst = AuNP stabilized by Si-C5-SH while Fe2O3-NP are added, irradiation = no light. 

(h) Catalyst = AuNP stabilized by Si-C5-SH while Fe2O3-NP are added, irradiation = 100 W – 

white light. 

(j) Catalyst = AuNP stabilized by Si-C5-SH while Fe2O3-NP are added, conversions and TONs 

for 6 days. 

(k) Catalyst = AuNS stabilized by Si-C5-SH, irradiation = no light. 

(l) Catalyst = AuNS stabilized by Si-C5-SH, irradiation = 100 W – white light. 

(m) Catalyst = AuNS stabilized by Si-C5-SH, conversions and TONs for 6 days. 
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Catalytic Conversion of H+-AuNP-SURF-Si5 & 10 hybrids at different temperatures 

(darkness) and by RGB light (maximum intensity) irradiation 
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Conversion of 3-phenylpropionic acid to methyl 3-phenylpropanoate by using AuNP-SURF-Si5-10 

hybrids as a catalyst in methanol (counter ion = H+). Conversions were measured by NMR (first and 

second column) once a day for 6 days and further used for calculating TONs (third column): 

(a) Surfactant = Si-C5-SH, irradiation = no light, spectra after 6 days at a specific temperature 

are shown. Data of 20 °C measurement was taken by the reference experiments of AuNP-

SURF-Si5 (white).  

(b) Surfactant = Si-C5-SH, conversions and TONs after 6 days at a specific temperature. 

(c) Surfactant = Si-C5-SH, irradiation = 80 W – red light. 

(d) Surfactant = Si-C5-SH, conversions and TONs for 6 days. 

(e) Surfactant = Si-C5-SH, irradiation = 55 W – green light. 

(f) Surfactant = Si-C5-SH, conversions and TONs for 6 days. 

(g) Surfactant = Si-C5-SH, irradiation = 100 W – blue light. 

(h) Surfactant = Si-C5-SH, conversions and TONs for 6 days. 

(j) Surfactant = Si-C10-SH, irradiation = 80 W – red light. 

(k) Surfactant = Si-C10-SH, conversions and TONs for 6 days. 

(l) Surfactant = Si-C10-SH, irradiation = 55 W – green light. 

(m) Surfactant = Si-C10-SH, conversions and TONs for 6 days. 

(n) Surfactant = Si-C10-SH, irradiation = 100 W – blue light. 

(o) Surfactant = Si-C10-SH, conversions and TONs for 6 days. 

  



Plasmonic enhanced catalysis by AuNP-SURF-E5-10 hybrids (E = Si, Ge, B) CLXXX 

Catalytic Conversion of H+-AuNP-SURF-Ge5-10 hybrids by white light (100 W) 

irradiation 
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Conversion of 3-phenylpropionic acid to methyl 3-phenylpropanoate by using AuNP-SURF-Ge5-10 

hybrids as a catalyst in methanol (counter ion = H+, isothermal conditions). Conversions were 

measured by NMR (first and second column) once a day for 6 days and further used for calculating 

TONs (third column): 

(a) Surfactant = Ge-C5-SH, irradiation = no light. 

(b) Surfactant = Ge-C5-SH, irradiation = 100 W – white light. 

(c) Surfactant = Ge-C5-SH, conversions and TONs for 6 days. 

(d) Surfactant = Ge-C6-SH, irradiation = no light. 

(e) Surfactant = Ge-C6-SH, irradiation = 100 W – white light. 

(f) Surfactant = Ge-C6-SH, conversions and TONs for 6 days. 

(g) Surfactant = Ge-C7-SH, irradiation = no light. 

(h) Surfactant = Ge-C7-SH, irradiation = 100 W – white light. 

(j) Surfactant = Ge-C7-SH, conversions and TONs for 6 days. 

(k) Surfactant = Ge-C8-SH, irradiation = no light. 

(l) Surfactant = Ge-C8-SH, irradiation = 100 W – white light. 

(m) Surfactant = Ge-C8-SH, conversions and TONs for 6 days. 

(n) Surfactant = Ge-C10-SH, irradiation = no light. 

(o) Surfactant = Ge-C10-SH, irradiation = 100 W – white light. 

(p) Surfactant = Ge-C10-SH, conversions and TONs for 6 days. 

 

 

 

 

 

 

  



Plasmonic enhanced catalysis by AuNP-SURF-E5-10 hybrids (E = Si, Ge, B) CLXXXII 

Catalytic Conversion of H+-AuNP-SURF-B5-10 hybrids by white light (100 W) 

irradiation 
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Conversion of 3-phenylpropionic acid to methyl 3-phenylpropanoate by using AuNP-SURF-B5-10 

hybrids as a catalyst in methanol (counter ion = H+, isothermal conditions). Conversions were 

measured by NMR (first and second column) once a day for 6 days and further used for calculating 

TONs (third column): 

(a) Surfactant = B-C5-SH, irradiation = no light. 

(b) Surfactant = B-C5-SH, irradiation = 100 W – white light. 

(c) Surfactant = B-C5-SH, conversions and TONs for 6 days. 

(d) Surfactant = B-C6-SH, irradiation = no light. 

(e) Surfactant = B-C6-SH, irradiation = 100 W – white light. 

(f) Surfactant = B-C6-SH, conversions and TONs for 6 days. 

(g) Surfactant = B-C7-SH, irradiation = no light. 

(h) Surfactant = B-C7-SH, irradiation = 100 W – white light. 

(j) Surfactant = B-C7-SH, conversions and TONs for 6 days. 

(k) Surfactant = B-C8-SH, irradiation = no light. 

(l) Surfactant = B-C8-SH, irradiation = 100 W – white light. 

(m) Surfactant = B-C8-SH, conversions and TONs for 6 days. 

(n) Surfactant = B-C10-SH, irradiation = no light. 

(o) Surfactant = B-C10-SH, irradiation = 100 W – white light. 

(p) Surfactant = B-C10-SH, conversions and TONs for 6 days. 

 

 

 

  



Plasmonic enhanced catalysis by AuNP-SURF-E5-10 hybrids (E = Si, Ge, B) CLXXXIV 

Catalytic Conversion of H+-AuNP-AROM-E hybrids (E = Si, Ge, B) by white light 

(100 W) irradiation 

 
 

Conversion of 3-phenylpropionic acid to methyl 3-phenylpropanoate by using AuNP-SURF-B5-10 

hybrids as a catalyst in methanol (counter ion = H+, isothermal conditions). Conversions were 

measured by NMR (first and second column) once a day for 6 days and further used for calculating 

TONs (third column): 

(a) Surfactant = Si-AROM-SH, irradiation = no light. 

(b) Surfactant = Si-AROM-SH, irradiation = 100 W – white light. 

(c) Surfactant = Si-AROM-SH, conversions and TONs for 6 days. 

(d) Surfactant = Ge-AROM-SH, irradiation = no light. 

(e) Surfactant = Ge-AROM-SH, irradiation = 100 W – white light. 

(f) Surfactant = Ge-AROM-SH, conversions and TONs for 6 days. 

(g) Surfactant = B-AROM-SH, irradiation = no light. 

(h) Surfactant = B-AROM-SH, irradiation = 100 W – white light. 

(j) Surfactant = B-AROM-SH, conversions and TONs for 6 days. 
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Plasmonic Catalysis by AuNP-SURF-E5-10 (E = Si, Ge, B) –  

Stability of used catalysts for Nano-Catalysis discussed in Chapter 2.2.3 

Proof of Stability of H+-AuNP-SURF-Ge5-10 hybrids used in catalysis with and without 

white light (100 W) irradiation 

 



Plasmonic enhanced catalysis by AuNP-SURF-E5-10 hybrids (E = Si, Ge, B) CLXXXVI 

Proof of stability of AuNP-SURF-Ge5-10 hybrids as a catalyst during the catalysis. Therefore, DLS, 

TEM and UVVIS measurements were done BEFORE (left column), and AFTER irradiating (right 

column) the sample with light. Moreover, a reference sample without irradiation (middle column) 

was prepared and measured. All samples show spherical particles (TEM) with a diameter of 50 (real 

diameter by TEM) up to 100 nm (hydrodynamic parameter by DLS, solid line). Further some 

aggregates in solution are observable for nearly all samples (~3000 nm) by DLS. Finally, the optical 

properties – based on the plasmonic of the nanoparticles – can be observed by the absorption 

maximum at ~535 nm (UVVIS, broken line) for all samples. 

All samples are stable for 6 days. 

(a) Surfactant = Ge-C5-SH, before using the hybrids for catalysis. 

(b) Surfactant = Ge-C5-SH, after using the hybrids for catalysis (dark). 

(c) Surfactant = Ge-C5-SH, after using the hybrids for catalysis (irradiation = 100 W – white 

light). 

(d) Surfactant = Ge-C6-SH, before using the hybrids for catalysis. 

(e) Surfactant = Ge-C6-SH, after using the hybrids for catalysis (dark). 

(f) Surfactant = Ge-C6-SH, after using the hybrids for catalysis (irradiation = 100 W – white 

light). 

(g) Surfactant = Ge-C7-SH, before using the hybrids for catalysis. 

(h) Surfactant = Ge-C7-SH, after using the hybrids for catalysis (dark). 

(j) Surfactant = Ge-C7-SH, after using the hybrids for catalysis (irradiation = 100 W – white 

light). 

(k) Surfactant = Ge-C8-SH, before using the hybrids for catalysis. 

(l) Surfactant = Ge-C8-SH, after using the hybrids for catalysis (dark). 

(m) Surfactant = Ge-C8-SH, after using the hybrids for catalysis (irradiation = 100 W – white 

light). 

(n) Surfactant = Ge-C10-SH, before using the hybrids for catalysis. 

(o) Surfactant = Ge-C10-SH, after using the hybrids for catalysis (dark). 

(p) Surfactant = Ge-C10-SH, after using the hybrids for catalysis (irradiation = 100 W – white 

light). 

 

 

 

  



CLXXXVII                                                 6. Appendix 

- CLXXXVII - 

Proof of Stability by TEM, DLS and UVVIS measurements of H+-AuNP-SURF-B5-10 

hybrids used in catalysis with and without white light (100 W) irradiation 

 

 
 

  



Plasmonic enhanced catalysis by AuNP-SURF-E5-10 hybrids (E = Si, Ge, B) CLXXXVIII 

Proof of stability of AuNP-SURF-B5-10 hybrids as a catalyst during the catalysis. Therefore, DLS, 

TEM and UVVIS measurements were done BEFORE (left column), and AFTER irradiating (right 

column) the sample with light. Moreover, a reference sample without irradiation (middle column) 

was prepared and measured. All samples show spherical particles (TEM) with a diameter of 50 (real 

diameter by TEM) up to 100 nm (hydrodynamic parameter by DLS, solid line). Further some 

aggregates in solution are observable for nearly all samples (~3000 nm) by DLS. Finally, the optical 

properties – based on the plasmonic of the nanoparticles – can be observed by the absorption 

maximum at ~535 nm (UVVIS, broken line) for nearly samples. Just the AuNP-SURF-B10 hybrids 

show a further absorption band at 610 nm, giving a hint for an electron transfer.  

All samples are stable for 6 days. 

(a) Surfactant = B-C5-SH, before using the hybrids for catalysis. 

(b) Surfactant = B-C5-SH, after using the hybrids for catalysis (dark). 

(c) Surfactant = B-C5-SH, after using the hybrids for catalysis (irradiation = 100 W – white 

light). 

(d) Surfactant = B-C6-SH, before using the hybrids for catalysis. 

(e) Surfactant = B-C6-SH, after using the hybrids for catalysis (dark). 

(f) Surfactant = B-C6-SH, after using the hybrids for catalysis (irradiation = 100 W – white 

light). 

(g) Surfactant = B-C7-SH, before using the hybrids for catalysis. 

(h) Surfactant = B-C7-SH, after using the hybrids for catalysis (dark). 

(j) Surfactant = B-C7-SH, after using the hybrids for catalysis (irradiation = 100 W – white 

light). 

(k) Surfactant = B-C8-SH, before using the hybrids for catalysis. 

(l) Surfactant = B-C8-SH, after using the hybrids for catalysis (dark). 

(m) Surfactant = B-C8-SH, after using the hybrids for catalysis (irradiation = 100 W – white 

light). 

(n) Surfactant = B-C10-SH, before using the hybrids for catalysis. 

(o) Surfactant = B-C10-SH, after using the hybrids for catalysis (dark). 

(p) Surfactant = B-C10-SH, after using the hybrids for catalysis (irradiation = 100 W – white 

light). 

  



CLXXXIX                                                 6. Appendix 

- CLXXXIX - 

Proof of Stability by TEM, DLS and UVVIS measurements of H+-AuNP hybrids used 

in catalysis with and without white light (100W) irradiation 

 

 

 

 

  



Plasmonic enhanced catalysis by AuNP-SURF-E5-10 hybrids (E = Si, Ge, B) CXC 

Proof of stability of different catalysts during the catalysis. Therefore, DLS, TEM and UVVIS 

measurements were done. 

(a) Catalyst = AuNS functionalized with Si-C5-SH, before using the hybrids for catalysis. 

(b) Catalyst = AuNS functionalized with Si-C5-SH, after using the hybrids for catalysis (dark). 

(c) Catalyst = AuNS functionalized with Si-C5-SH, after using the hybrids for catalysis 

(irradiation = 100 W – white light). 

The nanostars show a star shape and a diameter of ~100 nm (DLS & TEM). Additionally, a broaden 

absorption maximum up to 750 nm can be noticed. All samples are stable for 6 days. 

(d) Catalyst = AuNP functionalized with Fe2O3-NP, before using the hybrids for catalysis. 

(e) Catalyst = AuNP functionalized with Fe2O3-NP, after using the hybrids for catalysis (dark). 

(f) Catalyst = AuNP functionalized with Fe2O3-NP, after using the hybrids for catalysis 

(irradiation = 100 W – white light). 

The nanoparticles functionalized with Fe2O3-NP show spherical particles in TEM with a diameter of 

~50 nm. These are nanoparticles used for the synthesis. DLS measurements show huger aggregates 

in a range of ~150-200 nm. Additionally, a broaden absorption maximum up to 750 nm can be 

noticed. All samples are stable for 6 days. 

(g) Catalyst = AuNP functionalized with Si-AROM-SH, before using the hybrids for catalysis. 

(h) Catalyst = AuNP functionalized with Ge-AROM-SH, before using the hybrids for catalysis. 

(j) Catalyst = AuNP functionalized with B-AROM-SH, before using the hybrids for catalysis. 

The nanoparticles functionalized with E-AROM-SH show spherical particles in TEM with a diameter 

of ~50 nm. DLS measurements show again a hydrodynamic diameter of ~100 nm. Additionally, a 

second maximum at ~630 nm can be noticed.  

All samples are stable for 2 days. 

 




